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ABSTRACT 
This research was conducted to update previous studies of the springs of the Arabian 
Peninsula (Saudi Arabia, Oman and Jordan). Approach: 76 springs were surveyed in between 
March and July 2018: 15 Saudi Arabia, 41 Oman and 20 Jordan to ascertain the current status, 
water quality and zooplankton benthos and fish communities. Investigation of the changes of biota 
and chemical parameters downstream from the springs source in Saudi Arabia. Results: Mercury 
exceeded the WHO and USEPA maximum contaminant level (MCL) in 63 of 76 springs, 
Aluminum exceeded MCL in 8 of 76 springs, and both were the common dissolved heavy metals. 
Nine zooplankton taxa were recorded in this survey: Five were rotifers (Branchionus 
quadridentatus, three Lecane species and a potential Trichocerca species) and one was a 
cladoceran, the chydorid Pleuroxus sp. The remaining three taxa were copepods, one cyclopoid 
(Thermocyclops sp.) and two harpacticoids (Euterpina sp, Schizopera sp). Two Mollusca 
(Pseudosuccinea columella and Melanoides tuberculata) were found in Saudi and Oman. Four fish 
species were found: Garra tibanica (Saudi Arabia) and Aphanius dispar, Garra barreimiae, and 
Cyprinion micropthalmum (Oman).  Conclusion: 30% of Saudi Arabia springs (15 of 46) extant 
in 2018 still flow, 2 of 15 were thermal springs. 60% of Oman springs (41of 68) extant in 2018 
still flow, 14 of 41 were thermal springs, 30% of Jordan springs (20 of 49) extant in 2018 still 
flow, 14 of 20 were thermal springs. 
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INTRODUCTION TO THE DISSERTATION 
The Middle East encompasses about 8.8 million km² with a population of 318 million 
(nationsonline.org). Freshwater resources are limited, and most countries suffer from water 
scarcity in response to development and population growth. According to the World Population 
Data Sheet and The World’s Water (2001), all countries on the Arabian Peninsula are considered 
water-scarce with less than 1,000 m³ of renewable freshwater per person per year. Furthermore, 
the renewable water resources per capita in the region dropped to 743m³ per year in 2011 from 
2,925m³ per year in 1962 (UNDP 2013). Oman is the only country in the Arabian Peninsula and 
the Middle East that has not suffered from water scarcity. (FAO 2008) 
The limited number of lakes, wetlands and rivers of the Middle East are often 
transboundary, and all have suffered from major water extraction for irrigation, domestic water 
supply and industrial uses. Lake Kinneret in Israel has experienced a gradual decline in water level 
since at least 1966 to reach historic lows in 2001 and 2008 (Gophen 2014); large extents of the 
Mesopotamian (Richardson and Hussain 2006) and Hula (Hambright and Zohary 1998) Marshes 
in the northern region of the Arabian Peninsula have been drained, and flows of the Jordan (Wolf 
1995) and Tigris-Euphrates (Kavvas et al. 2011) Rivers, among others, have declined significantly.  
In contrast, springs are widespread throughout the region and historically, together with shaft 
wells, have been the most important water source for local communities and regional commerce.  
Historically, Oman, Jordan and Saudi Arabia had the most springs in the Arabian Peninsula, but 
precise numbers are lacking and likely run in the 100’s for the first two countries. Bazuhair and 
Hussein (1990) recognized five types of springs in Saudi Arabia: alluvial springs associated with 
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Quaternary deposits of valleys (wadis), sub-basaltic springs originating from rainwater seeping 
into fractured lava flows, fracture high temperature springs emerging from joints and faults in 
bedrock, solution springs characteristic of karst regions, and interstratified springs associated with 
thin interbedded aquicludes. Jordan and Oman have more springs than Saudi Arabia, with a single 
Governate of Oman (Dhofar) alone having approximately 360 springs of various discharge rates 
and length of the spring run (Shammas 2008). Jordan has 36 springs in the Yarmouk Basin 
(Batayneh 2010), 28 in the Petra region as well as some thermal springs in Umm Qais, Madaba, 
Zarqa and Mai'n. (Al-Khashman 2007) 
Four main water sources exist in the region: freshwater (surface and ground), desalination, 
treated wastewater and reused agricultural drainage water. Total annual withdrawal in the Middle 
East is 271.5 km³, freshwater withdrawal accounts for nearly 96%, while the other three sources 
account for approximately 1% each. Water withdrawal by agriculture, domestic consumption and 
industry varies among countries. For example, agriculture in Saudi Arabia, Iran, Syria, Oman and 
Yemen accounts for 85% of total water withdrawal, while in Bahrain, Palestine, Kuwait, Israel 
and Qatar, total water withdrawal by agriculture accounts for less than 60%. A comparison among 
the three nations (Saudi Arabia, Jordan and Oman) that are the focus of this dissertation, is 
provided in Table 1.1 (FAO 2008). 
Groundwater extraction in the three nations is mainly for irrigation. For instance, wheat 
was the main crop irrigated in Saudi Arabia, whose irrigated land increased from 400,000 ha in 
1971 to 1.6 million ha in 1992 to rank the nation as the sixth largest wheat exporter in the world. 
By 2008, however, Saudi Arabia had discouraged cultivation of water-intensive crops such as 
wheat in favor of high-value crops such as fruit. (Ouda 2014). 
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Saudi Arabia occupies around 2.25 million km² of the Arabian Peninsula with a population 
around 24.6 million. Annual rainfall ranges between 100-200mm, with the exception of the 
Southwest region of the Asir highlands, where it ranges between 200-600 mm (Bazuhair and 
Hussein 1990). In the last few decades, Saudi Arabia has experienced massive population growth 
and aggressive development in all sectors, requiring exploration for additional sources of water. 
By 1985, it had 24 desalination plants: 17 plants along the Red Sea and 7 on the Arabian Gulf 
producing 1.82 MCM per day (UN 2009). In 2000, the average production of desalinated water in 
these plants was around 1050 MCM (Zahrani et al. 2011). An additional thirty desalination plants 
were built by 2008, thereby providing around 80% of the country’s drinking water supply (Vincent 
2008). Thus, from initial reliance on surface and groundwater sources, Saudi Arabia has shifted 
almost entirely to energy intensive desalination to supply national water demands. 
Oman occupies 309,500 km² of the Arabian Peninsula and has a population of 2.5 million. 
Average annual rainfall varies from 20-300 mm. It has both surface and groundwater resources; 
surface run off from ponds can last a few hours to days depending on the amount of rainfall. 
Groundwater is the most reliable source, supplying approximately 90% of the national water 
demand (UN 2009). Agriculture is concentrated in the area of Muscat and extends 240 km toward 
Table 1.1 Water Resources in Saudi Arabia, Jordan and Oman (FAO 2008). 
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the border with United Arab Emirates. Within that region, the Batinah Governorate accounts for 
almost 60% of total national agricultural production. Although Oman is one of the driest regions 
in the world, it has several hundred springs fed by seasonal summer monsoons. The nation utilizes 
Aflaj, an ancient engineering technique that brings spring water from the mountains by gravity to 
feed lowland areas for domestic and irrigation purposes (Al Mamary 2010). Thus, Oman is the 
richest in water resources of the three nations studied here.  
Jordan has an area of 92,300 km², a population of 5.7 million, and annual rainfall of 266- 
600 mm (Denny et al. 2008). Agriculture accounts for 64% of national water demand, especially 
in the Jordan Valley and the Highlands (Al-Stamm 2012). Jordan extracts approximately 20 years 
of groundwater per annum and is considering bringing water by gravity from the Red Sea to the 
Dead Sea, then desalinating it and pumping it up approximately 2000 m to Amman (Salem 2009). 
Of the three nations comprising this study, Jordan is the most likely to become a totally water 
impoverished nation. 
The purpose of this study is to address three major questions that are related to the status 
and future of springs in the Middle East. The study examines springs from three nations 
representing a gradient of increasing spring impacts (Oman, Saudi Arabia, Jordan). The three 
overarching questions to be addressed by this study are: 1-What are the current distribution and 
historical trends of physical, chemical parameters of springs in Saudi Arabia, Oman and Jordan? 
2- What are the current distribution and abundance of biological parameters (zooplankton, 
gastropods and fish) in springs in Saudi Arabia, Oman and Jordan?    3- What is the extent of biotic 
and chemical change with increasing distance downstream from the spring source? 
This dissertation is contains four chapters:  Chapter One, literature overview of stream and 
spring ecology; Chapter Two, the current and historical physical and chemical parameters of 
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springs in the three countries; Chapter Three, biological parameters (zooplankton, benthos, fish) 
of the springs in the three countries; Chapter Four, biological and chemical zonation of the springs 
in Saudi ArabiaFirst, the current distribution and historical trends of physical and chemical 
parameters of springs in the Arabian Peninsula (Saudi Arabia, Oman and Jordan). Second, the 
biological parameters (zooplankton, benthos and fish) of springs in Saudi Arabia, Oman and 
Jordan. Chapter 4 discusses biological and chemical changes along the length of the springs in 
Saudi Arabia.  
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CHAPTER ONE: 
OVERVIEW OF STREAM AND SPRING ECOLOGY 
 
Stream Ecology 
 In the stream order system of Horton (1945), headwater streams are classified as first order 
streams. As the stream progresses farther from the headwater, higher stream orders develop. For 
example, when two first order streams join, they create a second order stream, and when two 
second order streams meet, they create a third order stream and so forth. This classification is 
influenced by the size and topography of the watershed, which determine the number of stream 
orders possible (Karr 1981).  
Scientists mainly use the Strahler stream order (Strahler 1957), which is more established, 
to represent stream size. According to Vannote et al. (1980) and Oberdoff et al. (1995), the size of 
a stream consists of flow, length and size of waterbody, plus the number of streams in the stream 
network. (Kaufmann et al. 1999, Peck et al. 2006, Roper et al. 2010). 
Rosgen (1994) initially developed seven major stream types incorporating physical 
characteristics including:  the form and shape of the river (relatively straight, meandering, complex 
multichannel). Bed features (pools, riffles, rapids, cascades, steps) and slope (2 ≥10) the latter two 
of which are related.  Gradient and bed feature relationships are integral to delineation of stream 
type categories (Rosgen 1994).  He further subdivided each major stream type according to 
dominant channel materials:  bedrock, boulder, cobble, gravel, sand, and silt/clay. 
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In the conterminous United States, headwater streams comprise 53% of total stream length 
(Nadeau and Rains, 2007). Headwaters arise from several sources including lakes, wetlands, seeps 
and springs. White and Crisman (2014) classified the source type of 5829 headwater streams in 
Florida: wetland-based headwaters were the most common followed by seeps, lake and springs. 
Wetlands and seeps accounted for the greatest number of headwater streams, 2924 and 2305, 
respectively. Headwaters arising from lakes and springs were 265 and 50, respectively.  
According to Colson et al. (2008), some North Carolina maps showed permanent and 
temporary streams reasonably well, but in general, there was low accuracy of field measurements 
in determining permanent versus temporary stream classification. Another drawback is that the 
visibility and flow of streams are affected by the conditions for which the map was designed. Even 
the digital products of National Hydrography Data (NHD) had these drawbacks because they were 
also based on paper-maps and topographic maps. Sources for topographic maps include the Reach 
File Version 3 (RF3), which was established in 1997 by the U.S. Geological Survey (USGS) and 
the Environmental Protection Agency (EPA) when they began to build the (NHD). The RF3 is a 
national hydrographic database that identifies over three million stream segments "reaches".  
Another source is the Digital Line Graph (DLG), which was developed by the (USGS) to depict 
information about geographic features of the terrain and about aerial photographs (Omernik et 
al.2011). Comparison of 1:24,000-scale and 1:100,000- scale maps showed at least 1 stream order 
variation (Scheidegger 1966, Hughes and Omernik 1981). It is difficult to approximate the Strahler 
order from mixed scales of higher resolution NHD (1:24,000 or greater) since only the fields shown 
in 1:100,000-scale maps contain the data, and it is impossible to define the relation between the 
Strahler order and higher map resolution since there needs to be resampling from high-resolution 
maps. The same is the case of Digital Elevation Model (DEM)-derived stream networks. Stoddard 
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et al. (2005a) conducted a valuation of perennial stream mapping accuracy on 1:100,000-scale 
NHD in the western US. He used low resolution maps to identify perennial and non-perennial 
streams and found that 7% of streams were wrongly characterized as non- perennial, while 30% 
were incorrectly classified as perennial. Carlisle et al. (2010) suggested that half of the streams in 
the US were depicted as having lower flood and base-flow than existed. Inaccuracy in stream-
length may be attributed to mapping inaccuracy, climate alteration and exhaustive land and water 
use. Hughes et al. (2010) investigated five surveys of stream data to assess the efficiency of the 
Strahler order in measuring stream dimensions using field data and GIS-based data taken from the 
US Environmental Protection Agency surveys. Probability survey designs were used to select the 
sample streams (Olsen and Peck 2008). Quality of data and catchment-level features were also 
ensured.  
The stream shore (riparian zone) is where streams display the most interaction with the 
terrestrial environment (Minshall 1994). The riparian environment plays a critical role in stream 
ecology because it is probably the most diverse and productive area within the watershed (Thomas 
et al. 1979). This area forms a transitional zone between stream and upland areas. The interaction 
between stream and riparian zone can be sharp (edge) or a gradual transition (ecotone) reflecting 
climate, topography, landform and geological control (Gregory et al. 1991).  
Riparian habitats are important as they serve as a refuge when there is an environmental 
stress such as drought and rapid changes in climate (Gregory et al. 1991)  Food resources and 
physical structure of the stream are influenced by the density of the vegetation cover, which is 
considered the source of energy for the aquatic food web in headwaters. They are impacted as well 
by the soil, water, temperature and light conditions (Vannote et al. 1980). Additional factors that 
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affect the riparian zone include depth and type of the soil, moisture availability, width of the 
riparian zone and bank stability (Minshall et al. 1989, Gregory et al. 1991).  
Stream types have been categorized into nine categories based on cross-sectional view 
(Rosgen 1994). Stream types A and Aa+ morphology are straight, narrow and deep, while the 
width of the channel and valley are similar. Stream B type is moderately entrenched with svv plan 
and banks, while C streams are meandering and have a wider and shallower channel. Stream types 
D and DA have wide channels and eroding banks, and stream type E is similar to A; however, it 
has a very wide, well-developed flood plain. Stream type F has a shallow and wide meandering 
channel type with little to no developed flood plain, stream G has a low depth to width ratio similar 
to stream type E with no developed flood plain. 
The River Continuum Concept (RCC) characterizes streams based on changes in the 
interaction between physical and biological factors from headwaters to downstream discharge 
(Vannote et al. 1980). Headwaters have small channels bordered by a vegetated riparian zone that 
reduces autotrophic production via shading, resulting in the stream being heterotrophic based on 
detrital food webs. As the stream continues down its watershed, it widens to allow light to reach 
the surface, favoring autotrophic production and increased biodiversity (Hynes 1975; Kovács et 
al. 2004).  Larger streams have greater species richness and abundance than smaller ones 
(Fernandes et al. 2013). Species composition and richness respond positively to higher stream 
order and increased nutrients (Horwitz 1978; Desmond et al. 2000).  
Hynes (1975) was one of the first to suggest that a stream is integrated with its watershed 
relative to hydrology, chemistry, sediment type, and organic matter content.  Riparian zones are 
ecotones between upland and riverine systems that flood regularly or occasionally; they function 
as sources or sinks for physical, chemical and biological parameters to affect stream structure and 
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function (Odum 1981, Fisher et al., 1998; Lowe and Likens, 2005; Lowe et al., 2006).  Headwater 
streams are hydrologically connected to downstream habitats, exporting sediment, organic matter 
and biota, thus linking upland and riparian ecosystems with those downstream (Gomi et al., 2002; 
Moore and Richardson, 2003; Pringle, 2003; Freeman et al., 2007; Wipfi et al., 2007).   
Each of the previous stream types has a different dynamic of transporting energy along the 
stream run. There are three to four trophic levels in streams (Townsend et al. 1998), but these 
trophic levels are simplified when the stream is disturbed. The lowest trophic level consists of 
detritus and primary producers such as algae, bryophytes and macrophytes. Many factors control 
stream food webs: biogeography, stream order, elevation, temperature, geomorphology, 
substratum and riparian characteristics, disturbance and nutrients.   
In forested headwater streams, the food web is based on material that comes from the 
riparian zone such as leaf and woody debris (allochthonous input), which enters the stream and is 
processed by different organisms, especially shredders and collectors- gatherers (Richardson 
1992). The breakdown of allochthonous material supports downstream food webs dominated by 
collectors- gatherers and filter feeders, productivity, population density and biotic community 
structure (downstream) (Wipfli and Gregovich 2002).  
Another important concept in stream ecology is the nutrient spiraling concept (NSC) 
outlined by Wallace et al. (1977) and Fisher (1997). This concept was first used to compare nutrient 
cycling in different streams by Webster and Patten (1979). Newbold et al. (1981) formalized the 
NSC by introducing the concept of spiraling length, which is the distance required for a nutrient 
atom to complete one cycle from inorganic form into organic form by organisms then a return to 
dissolved inorganic form in the water column. The spiraling length (the distance to complete a 
cycle) is influenced by abiotic factors such as physical/ chemical transformations, hydrologic 
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regimes and sediment characteristics. The spiraling length is influenced also by biotic factors such 
as abundance of periphyton and heterotrophic microbes and faunal composition. Flow regimes 
influence the length of the spiraling as high flow can increase spiraling distance.  
Coarse particulate organic matter (CPOM) such as leaves are processed by benthic 
invertebrate (shredders), transforming it into fine particulate organic matter (FPOM), which 
becomes available to collectors to filter or gather from the sediment. Cummins (1975) estimated 
that 80% of the particulate organic matter and 50% of dissolved organic matter are processed by 
biota between first and third order streams. As the stream becomes less shaded, the source of 
energy becomes autotrophic production by algae and vascular plants. Shredders are replaced by 
scrapers and grazers. The presence of these organisms is limited by the amount of primary 
production. As the stream order increases (7th - 12th), the source of energy becomes heterotrophic 
because of turbidity and light penetration reduction, where primary production is driven by 
phytoplankton and zooplankton and collectors processing the FPOM as an energy source (Karr 
1981).  
The ecotone between the stream bottom and ground water is known as the hyporheic zone. 
Changes in discharge, bed topography and porosity facilitate the transfer of water, nutrients and 
organic substances. Aquatic organisms in stream obtain nutrients from upwelling subsurface 
water; whereas, microbes and invertebrates residing in the ecotone region obtain oxygen and 
organic matter dissolved in down-welling subsurface stream water. All the scales contain an active 
gradient that changes with time. At the microscale, the chemical and microbial changes in nutrients 
occur on the surface of particles that is controlled by gradients of redox potential. At the stream- 
reach scale, gradients control the hydrological transfer and water residence time in hyporheic 
faunal composition, absorption of dissolved organic carbon, and nitrification. At the catchment 
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scale, gradients are extended kilometers away from the main channel where alluvial aquifers are 
located. Considering all the scales, the actions and connections of the hyporheic zone with the 
surface stream determine its functional importance (Boulton et al. 1998).  
The importance of the hyporheic zone and how it functions as an ecotone relative to 
sediment, reach and catchment are: sediment- scale patterns consisting of ecological processes 
occurring at catchment scale that determine fine-scale features such as size, shape and composition 
of sediments along with the majority of physical and chemical reactions (Brunke and Gonser 1997, 
Dole‐Olivier and Marmonier 1992, Maridet et al. 1996, Strayer et al. 1997). Hydraulic gradients 
(path and intensity of flows) and porosity of streambed result in interstitial flow patterns that are 
unstable and irregular, and the resulting zones are characterized by fast, slow or no flow (also 
called dead zone). The dead zone may be present in some regions in rapid flow zone, where there 
is potential for anaerobic processes. Therefore, irregularity in sediment surfaces, smaller pore 
spaces or local deposits of organic matter (Dahm et al. 1987, Leichtfried 1991) can create anoxic 
and hypoxic pockets even in apparently well-oxygenated hyporheic zones. Microzones varying in 
biological or chemical context can exist together because of this diversity that enables the presence 
of various ecological processes even in small volumes. Lack of hydrological exchange prevents 
the breakdown of these gradients or microzones.  
Numerous aquatic invertebrates called the "hyporheos" (Williams and Hynes 1974) are 
found in gaps between sediment particles in the hyporheic zone of streams and rivers. These 
invertebrates include crustaceans, segmented worms, flatworms, rotifers, aquatic mites, and 
immature aquatic insects (Boulton 2000, Danielopol 1989, Hakenkamp and Palmer 2000, Pennak 
1988, Stanford and Ward 1988, Williams 1984). These invertebrates feed mainly on bio-films 
(Barlocher and Murdoch 1989, Boulton 2000, Brunke and Gonser 1997, Williams 1993). Hence, 
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distribution of these organisms is dependent on the composition, extent and food quality of bio-
films (Boulton 1993 & 1999, Olivier and Marmonier 1992, Gibert et al. 1994&1995, Lenting et 
al. 1997, Strayer 1994, Strayer 1997). When hyporheos eat bio-films, they break down the 
accumulated deposits of coarse particles caught in sediments resulting in increased bio-film 
productivity (Boulton 2000, Montagna 1995) by stimulating microbial activity. Little research has 
been conducted regarding the food needs of these invertebrates (Culver 1994, Danielopol et al. 
1994, Williams 1993); however, there is a wide variety of invertebrates that feed on bio-films 
(Boulton 1992, Boulton et al.2000, Cooling and Boulton 1993). The hyporheic food web and 
energy supply in different streams (bed porosities, discharge, and organic matter supplied by 
catchments) are yet to be studied. 
Reach scale is well studied, especially the relation between surface stream and hyporheic 
zone. The most commonly studied aspect is the exchange of water in upwelling and down-welling 
areas. Reach-scale geomorphologic features include instability of slope and depth of pool, contour 
of channel and its bars, irregularity and permeability of streambed, all of which are responsible for 
altering surface flow-paths (Brunke and Gonser 1997, Savant et al. 1987, White 1990, Williams 
1993). Moreover, these features support water transfer in upwelling and down-welling regions. 
Usually, surface water can pass into sediments by decreasing stream depth across the pool. This 
transfers interstitial water and causes upwelling into surface stream. The intricacy of flow paths 
has been delineated by tracer experiments (Grimm and Fisher 1984, Harvey and Bencala 1993, 
Holmes et al. 1994, Jones and Holmes 1996, Valett et al. 1990, Wondzell and Swanson 1996), 
which highlight their sensitivity to flooding and riparian transpiration. Geomorphologic features 
including depth of bedrock are also essential, particularly for shallow hyporheic zone. The 
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contribution of the hyporheic zone in ecology forms only a fraction of the entire stream ecosystem 
(Boulton et al. 1997, Findlay 1995). 
All reaches contain a network of flow paths characterized by diverse lengths, paths and 
velocities. The dynamics of flow are 3D because water exchange between stream and aquifers can 
occur both horizontally and vertically. However, while one-dimensional models have been 
considered by a majority of hydrologic studies, 2D models have been considered by some models 
recently (Harvey and Bencala 1993, Wondzell and Swanson 1996, Wroblicky et al. 1998). For 
instance, stable general shape was obtained for flow net linking stream, hyporheic zone and 
floodplain in a hydrological model of a lowland stream-floodplain system even though the 
magnitude of influx varied with season and state of water table. This implied that the direction of 
exchange was controlled geomorphologically (Wondzell and Swanson 1996). The main 
requirement of 3D models is the difficult at it requires geophysical data, but these models provide 
more precise data. Moreover, the importance of the hyporheic zone for surface stream and 
adjoining environments can easily be comprehended using geophysical data.  
Finally, catchment scale processes are the least studied compared to sediment and reach 
processes (Gibert et al. 1994, Stanford and Ward 1993, White 1993). Based on the hyporheic 
corridor concept (HCC) developed by Stanford and Ward (1993), catchment scale processes have 
been identified: upward movement of enriched water alters production in the main channel; stream 
shore mirrors hyporheic flow cycle; space/ time change in the exchange of water between rivers 
and the surrounding substructure fosters significant biodiversity (Boulton et al. 1998).  
Fish faunas in streams are categorized into three major groups based on their source of 
food: headwater streams characterized by species that are invertivores that feed on 
macroinvertebrates. Invertivores and piscivores species that feed on other fish and inhabit 
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intermediate rivers; while in large rivers, planktivorous fish that feed on both phytoplankton and 
zooplankton are the dominant species. The latter, however, are less common in natural running 
water systems. Omnivores (species that consume both plants and other animal) and herbivores 
(consume only plants material) are rarely found in natural running water (Karr 1981). 
 
Spring Ecology 
Springs are areas where groundwater flows naturally to the surface of the earth (Wilson 
and Moore 1998). Categorizing streams based on stream order is well developed; however, using 
the same concept in springs is less effective as more than half of the volume gets lost when two 
first orders join to form a second order stream. Major differences exist between springs/spring runs 
and other streams. For example, spring water is usually clear and has a narrow range of 
temperature, as springs have temperature closer to air temperature. This relationship is clearly 
demonstrated by thermal springs where water has high temperature at the boil and decreases along 
the spring run. In contrast, streams characterized by both clear and turbid water and display a wide 
range of temperature (Hubbs 1995). 
In Silver Springs, Florida, Odum (1957) studied water quality, productivity, ecosystem 
composition, and energy flow. This seminal work on the structure and function of the spring 
provided significant information on spring biota and water quality and set a foundation for all 
future spring research. Munch et al. (2006) performed a 50-year retrospective study on Silver 
Springs ' ecology to evaluate changes in this ecosystem and concentrated on the spring run's first 
1200 meters. The research compared current with historical data in to understand the connection 
between spring sheds and changes in land use and spring ecology.  
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Ground water and rivers are considered to be two distinct systems in most ecological 
studies of freshwater (Brunk and Gonser 1997). This distinction may also be due to the disparity 
in the environment of both systems. The main characteristics of a river include current that 
stimulates instability, shorter time of water residence, changing discharge and physiochemical 
state, one-way movement of nutrients, sediments and biota, dynamic channel morphology and 
light availability. In contrast, ground water spring characteristics include stability, longer time of 
water residence, darkness, laminar flow and little variation in sediment bed structure (Brunk and 
Gonser 1997). 
 
The Equilibrium Theory of Island Biogeography 
The Equilibrium Theory of Island Biogeography (ETIB) proposed by MacArthur and 
Wilson (1963, 1967) provides an explanation of variation of species richness and diversity in 
isolated natural communities by looking at immigration rates. There are seven components to the 
ecological model of ETIB: first, the rate of immigration to an island must decrease as more species 
arrive; second, the rate of immigration decreases with increasing isolation; third, immigration of 
species increases with increased island size; fourth, extinction rate of a species established on an 
island increases with increased number of species; and fifth, extinction rate of species on an island 
decreases with increased island size. The last two propositions state that species number on an 
island and species turnover rate are both determined by an equilibrium between rate of immigration 
and extinction (Sax et al. 2011).  
The principle of ETIB can be applied to any ecosystem (MacArthur and Wilson 1967). 
However, there are limited studies on ETIB for groundwater organisms. Teittinen and Soininen 
(2015) applied this principle by examining the effect of physicochemical variables, land use and 
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geographical factors on diatoms from 50 springs in Finland. Species richness was not influenced 
by area and isolation, but its variance was linked to a number of local resources and stress variables 
including water conductivity, pH, temperature and nutrient levels.  
 Springs are unique ecosystems to investigate the ecology and biogeography of 
groundwater organisms. Most of the research of spring ecology has been done on plants and 
animals living in the springs relative to gradients of physicochemical parameters and their impact 
on the structure of the communities within the springs. Fiasca et al. (2014) analyzed copepod 
assemblages in a subsurface habitat of karstic rheolimnocrenic springs in relation to 17 
environmental parameters. Subsurface copepod assemblages were vulnerable to microspatial 
changes in habitat composition and the distribution of species was mainly a function of 
groundwater and substratum type. It is important to mention that there is a lack of information 
regarding biogeography of groundwater meiofauna in springs. Nevertheless, Fattorini et al (2016) 
investigated the ETIB of groundwater invertebrate of 30 springs in Italy, where copepod richness 
was positively influenced by spring area.   
 
Desert Springs 
Desert springs are fragile ecosystems and considered the most threatened ecosystem 
globally. Groundwater extraction and diversion of surface water for agriculture and livestock, 
along with introduction of exotic invasive species, are major threats to endemic species and can 
lead to extinctions. (Kodric-Brown 2007). Recently, the loss rate of desert springs has accelerated 
due to human activities (Shepard 1993; Minckley and Unmack 2000).  In the western United 
States, groundwater extraction became unsustainable as more groundwater was pumped via high 
volume electric pumps than could be replenished by natural recharge (Postal 1992; Pringle and 
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Triska 2000). For example, 63 springs out of 281 dried out in Texas by the 1970s, while more 
springs suffered from reduction in volume (Brune 1975,1981). Groundwater extraction caused a 
major decline in the Edwards aquifer of Texas (Brown et al. 1992) impacting both indigenous biota 
of its springs and humans depending on these springs (Longley 1981; Edward et al. 1989; Longley 
1992). In Australia, many springs have suffered as ground water extraction caused springs to dry 
(Ponder 1986; Ponder and Clark 1990). Another example is Elisabeth Springs, Queensland, where 
springs showed a 95 percent flow reduction since the 1880s (Habermehl 1982).  Similar trends of 
springs losses occur in the Middle East, in Khybar, Saudi Arabia, as reported by Al Kahem and 
Behnke (1983), where springs dried within a four-year period due to over pumping.   
Desert springs are important because surface water is uncommon in arid land compared to 
high rainfall regions. These isolated oases harbor aquatic organisms in the middle of seas of arid 
lands. Dry environments are a greater barrier and restrict the distribution of species to one or only 
a few springs in dry land (Unmack and Minckley 2008). Food webs in an open, shallow and stony 
stream (i.e. desert spring) are based on rich film of algae and microbes, compared to forested 
stream where the food web is driven by autumn leaf fall (Allan and Castillo, 2007). 
Invertebrates have been commonly used as water quality indicators. Special metric and 
indices have been created to assess the health of a stream using aquatic invertebrates including the 
Wisconsin Index and Biological Integrity (Karr, 1991) and AusRivAS (Smith et al. 1999).  
However, there are no such criterion for springs (Stevens and Meretsky 2008).  
 Many desert habitats display daily and seasonal fluctuations. Other desert environments, 
particularly springs, have very few daily or seasonal differences in quite stable settings. It is highly 
possible that the great variety of isolated aquatic habitats played a big part in desert fish evolution. 
There are 460 fish species from 51 families living in desert waters worldwide (Hillyard 2015). The 
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most studied species in desert springs are the pupfishes (Cyprinodon species) of the southwestern 
US northern Mexico. Cyprinodontiforms (Cyprinodontiformes) are the main group of secondary 
freshwater fish (i.e. fish that are usually found in inland waters but are also tolerant of brackish). 
Desert fish are generally extremely hardy and have persisted during long term 
desertification (Hillyard 2015). Patterns of dispersal or vicariance (i.e. the separation of organisms 
by a geographic barrier resulting in deafferentation into a new species) can differ among sympatric 
taxa indicating that randomly determined events are exploited differently. For example, one 
species may be spread to a new region with a dispersal event, while another cannot (Hillyard et al. 
2015). Many taxa are in danger of extinction due to increasing demand for water in desert regions 
(Soltz and Naiman 1978; Wilson and Blinn 2007). 
Springs are common in the Middle East and have been the main water supply for local 
populations. Since 700 BC, the Siloam Tunnel in Jerusalem delivered the only source of water 
from Gihon Spring (Frumkin et al. 2003). Most springs in the Arabian Peninsula have ceased to 
flow in response to groundwater extraction for agricultural purposes. As an example, fossil water 
use for domestic purposes has exceeded six times the natural renewal rate in the Gulf countries, 
leading to salinity increases in groundwater as well as disappearance of desert springs (Raouf 
2009a).  Springs in the Eastern Province of Saudi Arabia have been pumped into canals to increase 
water for irrigation. Extensive urbanization, industrial and agricultural growth in the region have 
caused water quality to change, leading to accumulation of heavy metals in fish such as Tilapia. 
(Al-Kahtani 2009). Springs in the Yarmouk Basin in Jordan have been contaminated with heavy 
metals associated with human activities (Batayneh 2010) Moreover, over-exploitation of 
groundwater led to an increase of the salinity in groundwater from saltwater intrusion and 
disappearance of desert springs on the Arabian Peninsula (Scheffran et al. 2012). 
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CHAPTER TWO: 
 
CURRENT AND HISTORICAL PHYSICAL AND CHEMICAL PARAMETERS OF 
SPRINGS IN SAUDI ARABIA, OMAN AND JORDAN 
Introduction 
Freshwater ecosystems are critically important because of the threats to biodiversity 
including overexploitation, water pollution, modification, habitat destruction and degradation, 
chemical stresses and invasion species. The role of freshwater stream ecosystems is critical in 
providing prime habitats for a variety of aquatic plants, animals, fish, reptiles, and birds (Echolls, 
2017). In addition, the ecosystem offers a large number of services as well as economic 
opportunities that are ideal for agricultural development. Riparian zone of the stream and 
associated wetlands help mitigate climate change variability, prevent soil erosion, retain sediment, 
and concentrate nutrients for agricultural production.  
Headwater streams arise from a variety of sources including lakes, wetlands (marshes and 
swamps), seeps and springs.  These first order streams contribute the most to total stream length 
in riverine networks, comprising 53% (2,900,000 km) of total stream length in the United States, 
excluding Alaska (Nadeau and Rains, 2007). Headwater streams often possess rare and unique 
species of amphibians, fish and invertebrates (Dieterich and Anderson, 2000; Lowe and Likens, 
2005; Meyer and Wallace, 2001). In turn, they export sediment, organic matter, invertebrates and 
fish downstream (Meyer et al., 2007a; Wipfi et al., 2007) and play a major role in nutrient 
availability and cycling (Alexander et al. 2007). Meyer et al. (2007a) described headwater streams 
as refugia from physical and biological factors, sites for fish spawning and rearing, sources of food 
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(detritus, organic matter, bacteria and invertebrates) and corridors through which migration can 
occur.  
Stanley et al. (1997) characterized desert streams in the Sonoran Desert of Arizona relative 
to four channel longitudinal categories based on stream size from smallest to largest: Reaches: the 
basic stream unit consisting of riffles, pools and runs and spatially ranging between 10-100m long. 
The length of a drought period can lead to discontinuous flow downstream that can strand biota in 
isolated pools, characterized by high populations of mobile animals. Sections: ranging up to 1000m 
with alternating constrained and unconstrained channels that support riparian vegetation 
development. Constrained channels exhibit low biotic diversity, while unconstrained channels are 
biologically diverse. Phase and drainage: range from 10-100km long; water loss controls the 
extent of flowing water in the entire basin. Smaller sub-basins can be disconnected from the 
mainstream, and when water is present, the stream will support primary and secondary production 
favoring biota with well-developed dispersal abilities like insects and some fishes. 
The River Continuum Concept (RCC) describes streams based on changes in the 
interaction between physical and biological factors from headwaters to downstream discharge 
(Vannote et al. 1980). Headwaters are small channels bordered by a vegetated riparian zone that 
reduces autotrophic production via shading, resulting in the stream being heterotrophic based on 
detrital food webs. As the stream continues down its watershed, it widens to allow light to reach 
the surface, favoring autotrophic production and increased biodiversity (Hynes 1975). Larger 
streams have greater species richness and abundance than smaller ones (Fernandes et al. 2013). 
Species composition and richness respond positively to higher stream order and increased nutrients 
(Horwitz 1978; Desmond et al. 2000).  
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 Desert streams differ from those of higher rainfall areas in a number of respects including 
discharge volume and periods of declining or no flow. Desert streams are often high temperature 
systems with abundant sunlight supporting high primary production with great fish, zooplankton 
and invertebrate densities. In desert streams, the riparian zone usually is a green, productive fringe 
along the stream run. (Stanly et al. 1997). However, the stream continuum concept may not apply 
to desert springs, as many desert streams are not interconnected and end abruptly as first order 
streams.  
Desert springs are fragile ecosystems and considered the most threatened ecosystem 
globally (Brown and Brown 2007). Groundwater extraction and diversion of surface water for 
agriculture and livestock, along with introduction of exotic invasive species, are major threats to 
endemic species and can lead to extinctions. Alteration of headwaters of desert springs to increase 
flow have a major impact on the ecosystem causing loss of the biota. Direct pumping of water 
from springs can dry the system and eliminate sensitive taxa. For example, Pahrump Spring, 
Nevada, ceased to flow between 1955 and 1957. The spring was one of the three habitats for 
Pahrump poolfish (Empetrichthys latos) subspecies, all of which have lost their natural habitat 
because of excessive groundwater extraction (Soltz and Naiman 1978). The Ash Meadows killifish 
in the south-west U.S. has gone extinct due to introduction of exotic fish mosquitofish (Gambusia 
affinis), bass (Micropterus salmoides), molly (Poecilia mexicana),) and the invertebrate crayfish 
(Procabrus clarkia) (Brown and Brown 2007). 
This chapter compares the current status of springs in three nations with their distribution 
and quality in past surveys: Saudi Arabia (1990-2013-2018), Oman (1994-2018) and Jordan (2013-
2018). In addition to comparing the number and location of extant springs with their past 
  
 
33 
distribution, historical changes in electrical conductivity were assessed for each spring still 
flowing, where possible, to establish trends that might be related to water extraction. 
  
Methods 
Site Locations 
 A total of 76 springs (15 Saudi Arabia, 41 Oman and 20 Jordan) were surveyed during 
March-July 2018 for water chemistry (Tables 2.2, 2.4 & 2.6). which was assessed at each spring 
source. Two 50 ml water samples were collected in Conical Centrifuge Tubes, (preserved with 
Nitric acid, Phosphoric acid) for laboratory analyses of common ions (Na, Ca, K), cations (Cl, 
SO4) and metals (Zn, Hg, Al, Pb, Cu, Fe) in the analytical laboratory of King Abdullah University 
for Science and Technology (KAUST) in Saudi Arabia, using Aquakem 250 and Agilent 5100 
ICP-OES, under the supervision of Heiko Langner, Jingyu Liu and Mohammed K. Khalid, after 
passing five certification tests to work in the laboratory. Temperature, total suspended solids, pH, 
specific conductance and dissolved oxygen were measured at the spring source using a YSI 
ProPlus 2030 meter.  
Initial selection of springs in Saudi Arabia was based on the 15 flowing springs 
documented in 2013 by Aljohani (2014) plus five newly documented springs from the current 
study. Only 12 of the 15 springs were still flowing in 2018, one of which was flowing in March 
2018 when initially sampled but was dry by early July. Although Schaffer and Sass (2014) 
surveyed 51 springs in Jordan during 2013, by 2018, 11 were dry, one was flowing that was dry in 
2013 and access to 19 was denied. Sixty-eight active springs were surveyed in Oman during 1994 
by the national Ministry of Water Resources. By the 2018 survey, only 41 of the original 68 springs 
were still flowing. 
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Statistical Analysis 
  Differences in mean EC between years were detected using Student’s two-tailed ttest 
(α=0.05). Similarity between individual springs based on various water quality parameters was 
analyzed using single-linkage cluster analysis in Primer 6 (v. 6.1.11) and Permanova+ (v. 1.0.1). 
 
 
Results 
 
Current Status of the Springs 
 
Saudi Arabia. In the 1990, 46 springs were surveyed by Bazuhair and Hussein. Only, 15 
of 46 springs flowing in 2013 (Aljohani 2014) were extant. Moreover, five additional extant 
springs were documented in 2018. In addition, one from the 2013 survey (Alyaseerah) is included, 
although it dried between being sampling in the middle of April and the beginning of July 2018 
(Table 2.1). Some springs surveyed in 2013 were excluded from the current research including 
three springs in the Eastern province (Umm Saba, Juhariah and Harra) whose spring source had 
been profoundly altered and two springs (Alwagrah and Khulab) at Jizan in southwestern Saudi 
Arabia for security reasons.  
Temperature in springs of Saudi Arabia ranged from 24 - 85ºC, with springs >36.2º C 
classified as thermal springs (Table 2.2). Dissolved oxygen in all but the two hottest springs, where 
anoxic conditions prevailed, was low to moderately high (0.13-6.3 mg/L). Electrical conductivity 
(EC) and total dissolved solids (TDS) ranged from 243-6531 µS/cm and 161-2131 mg/L, 
respectively. Sodium was the dominant cation in most springs (35-769 mg/L), followed by calcium 
(31-261 mg/L), magnesium (0.36-58 mg/L) and potassium (1.5-33 mg/L), with chlorine (38.1-729 
mg/L) the dominant anion over sulfate (7.02-176 mg/L.). Most heavy metals (zinc, lead, copper  
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and iron) in spring water were not detected (ND), with the exception of mercury and aluminum, 
which ranged from 0.01-1.76 mg/L and 0.01-0.16 mg/L, respectively.  
 
 
 
 
 
 
Table 2.1 Current and historical status of the springs in Saudi Arabia; X Indicates flowing 
springs, (–) indicate springs not flowing, (X) indicates a new discovered spring, and (…) 
indicates access impossible at time of sampling. 
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Table 2.2 Physical and chemical parameters of Saudi Arabian springs, March-July 2018.  
 
 
Oman. Sixty-eight active springs were surveyed in Oman during 1994 by the national 
Ministry of Water Resources. Three types of spring sources were sampled. Falajes are ancient 
man-made stone channels that are maintained to direct water from the spring source to supply 
domestic and irrigation demands via gravity flow. Some spring sources collect in pools that 
discharge downstream, while the third spring head type consists of a relatively unmodified stream. 
By the 2018 survey, only 41 of the original 68 springs were still flowing. (Table 2.3).  
Temperature in the springs of Oman ranged from 20 to 50ºC, with springs > 36.2º C 
classified as thermal springs (Table 2.4). Dissolved oxygen in all but the three hot springs 
displayed wide variability (0.6-11.5 mg/L), where thermal springs recorded the lowest readings 
(0.6-0.6 mg/L). Electrical conductivity (EC) and total dissolved solids (TDS) ranged from 63-2141 
µS/cm and 29-1761 mg/L, respectively. Sodium and calcium were the dominant cations in most 
springs and ranged from (12 to 368 mg/L and 11 to 116 mg/L), respectively, followed by 
magnesium (0.2-78 mg/L) and potassium (1-9 mg/L), with chlorine (18-639 mg/L) the dominant 
anion over sulfate (0.65-86 mg/L.). Most heavy metals (zinc, lead, cupper and iron) in spring water 
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were not detected (ND) with the exception of mercury and aluminum, which ranged from 0.03-
10.4 mg/L and 0.01-1.01 mg/L, respectively.  
 
 
Table 2.3 Current and historical status of the springs in Oman; (X) indicates flowing springs, (–) 
indicates springs that have ceased to flow. 
 
  
 
38 
Table 2.4 Physical and chemical parameters of Oman springs, March-July 2018. 
 
Mercury concentrations in all the springs exceeded the safe level (0.02mg/L) set by the 
WHO and USEPA with the exception of six springs where it was below detection. Concentrations 
of aluminum above 0.2 mg/L were recorded in six springs.  
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Jordan. Twenty springs were sampled out of 49 springs listed in 2013. The current status 
of the springs in Jordan compared to 2013 survey is presented in Table 2.5. Springs in the 
northern region of the country, as well as some springs in Hamammat Ma’in, were excluded 
from this research due to security reasons.  
 
 
 
 
 
Table 2.5 Current and historical status of springs in Jordan. (X) Indicates flowing springs, (–)  
indicates springs ceased to flow, and (…) indicates that access was impossible at time of 
sampling. 
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Temperature in the springs of Jordan ranged from 22-59 º C, with springs > 36.2º C 
classified as thermal springs (Table 2.6). Dissolved oxygen in all springs was wide ranging (1.3 to 
7.3 mg/L). Electrical conductivity (EC) and total dissolved solids (TDS) ranged from 53-4849 
µS/cm and 15.9-1950 mg/L, respectively. Sodium was the dominant cation in most springs (11-
730 mg/L), followed by calcium (37-294 mg/L), potassium (1-61 mg/L) and magnesium (3-57 
mg/L), with chlorine (31.2-788.5 mg/L) the dominant anion over sulfate (4.01-207 mg/L.). Most 
heavy metals (zinc, lead, cupper and iron) in spring water were not detected (ND), with the 
exception of mercury and aluminum, which ranged from 0.43-1.57 mg/L and 0.01-5.76 mg/L, 
respectively. 
With the exception of seven springs where mercury was below detection limits, mercury 
concentrations in all springs exceeded the EPA safe levels. Aluminum concentrations in only two 
springs exceeded 0.2 mg/L.  
 
Historical Changes in Springs 
Saudi Arabia. Since the early 1990s, most springs in Saudi Arabia have ceased to flow 
due to groundwater extraction for agricultural purposes. For example, springs in the Eastern 
Province of Saudi Arabia have been pumped into canals to increase water for irrigation. Extensive 
urbanization, industrial development and agricultural growth in the region have changed water 
quality, leading to accumulation of heavy metals in fish such as Tilapia (Oreochromis niloticus) 
(Al-Kahtani 2009). Moreover, the disappearance of springs happened rapidly between 2013- 2018.  
Springs surveyed in 2013 displayed higher electrical conductivity (EC) than reported in a survey 
of 1990 (Aljohani 2014) (Figure 2.1).  
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Table 2.6 Physical and chemical parameters of Jordan springs, March-July 2018. 
 
 
 
Cluster analysis was performed on the results of EC (Figure 2.1).  In 2013, springs clustered 
into three groups based on EC.  Group 1 consisted of two springs that have the lowest average EC 
values (1301µS/cm), Group 2 had the second highest average EC values (1747µS/cm), while 
Group 3 consisted of thermal springs (5932µS/cm). In contrast, in 2018, as the springs became 
more saline, four groups were formed based on similarities of EC readings, changing the 
order/position of the springs in the analysis. A new group, Group 4, was evident in 2018 that 
consisted of the newly discovered springs that had the lowest EC readings recorded.  Springs 
clustered into four groups based on EC. Group 1 consisted of thermal springs with the highest 
readings averaging (5867µS/cm), Groups 2 and 3 averaged (2586µS/cm) and (1364 µS/cm), 
respectively, while Group 4 displayed the lowest readings with an average of (456 µS/cm).  
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Figure 2.1 Historical electrical conductivity in springs of Saudi Arabia.  
 
 
 
Figure 2.2 Dendrograms showing Euclidean distances between Saudi Arabian springs in 2013 
based on Electrical Conductivity (EC). 
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Figure 2.3 Dendrograms showing Euclidean distances between Saudi Arabian springs in 2018 
based on Electrical Conductivity (EC). 
 
   
 
Oman. Sixty-eight active springs were surveyed in Oman during 1994 by the national 
Ministry of Water Resources. By the 2018 survey, only 41 were still flowing. Electrical 
conductivity readings increased in most springs between 1994 and 2018 (Figure 2.4). A paired 
Two Sample for means (t-Test) was conducted to compare EC between 1994 (M = 801.40, SD = 
374.85, n = 41) and EC in 2018 (M = 862.66, SD = 509.84, n = 41), but the difference was not 
significant, t(39) = 2.02, p=0.35.  
Electrical conductivity in springs from both 1994 and 2018 studies clustered into five 
groups; in 1994, Group 1 had the highest EC readings averaging 1417 µS/cm, with Groups 2 
through 5 averaging 486 µS/cm, 704 µS/cm, 1104 µS/cm and 890 µS/cm, respectively. In contrast, 
in 2018, average EC readings for Groups 1 through 5 were 1963 µS/cm, 1103 µS/cm,144 
µS/cm,779 µS/cm, and 503 µS/cm, respectively.  
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Figure 2.4 Historical electrical conductivity in springs of Oman. 
 
 
 
Figure 2.5 Dendrograms showing Euclidean distances between Oman springs in 1994 based on 
Electrical Conductivity (EC).   
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Figure 2.6 Dendrograms showing Euclidean distances between Oman springs in 2018 based on 
Electrical Conductivity (EC). 
 
 
Jordan. Fifty-one springs were surveyed in Jordan in 2013 by Schaffer and Sass. By 2018, 
11 were dry, 1 was flowing that was dry in 2013 and access to 19 was denied. A Paired Two 
Sample for means (t-test) was conducted to compare EC between 2013 (M = 2094.90, SD = 
1291.50, n = 20) and EC in 2018 (M = 2286, SD = 1401.01, n = 20), but there were no significant 
difference between years, t(18) = 2.10, p=0.56. 
Cluster analysis was performed on EC readings from 2013 and 2018. Based on similarities, 
springs were clustered into five groups in 2013 and seven groups in 2018 (Figures 2.8 and 2.9). In 
2013, average EC Group one consisted of one spring (Ain Deeb) that had the highest readings 
recorded (EC 3800 µS/cm), Groups 2 through 5 averaged 3154 µS/cm, 2600 µS/cm, 1590 µS/cm, 
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424 µS/cm, respectively. However, three springs in Group 5 lacked data from the initial survey, 
and their values in this analysis are plotted as missing. 
 
 
Figure 2.7 Historical electrical conductivity in springs of Jordan.  
 
 
In 2018, springs clustered into seven groups. Group 1 displayed the highest average of EC 
4734 µS/cm, followed by Groups 4, 5, 6 and 7 with average EC of 3399 µS/cm, 2681 µS/cm, 2266 
µS/cm and 1710 µS/cm, while the lowest average EC was recorded in Groups 2 and 3 with 203 
µS/cm and 879 µS/cm (Figure 2.9).  
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Figure 2.8 Dendrograms showing Euclidean distances between Jordan springs in 2013 based on 
Electrical Conductivity (EC). 
 
 
 
Figure 2.9 Dendrograms showing Euclidean distances between Jordan springs in 2018 based on 
Electrical Conductivity (EC). 
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Discussion  
This study examined the historical and current status of springs in the Arabian Peninsula, 
focusing on springs in three nations: Saudi Arabia (1990-2013-2018), Oman (1994-2018) and 
Jordan (2013-2018). In Saudi Arabia, existing springs were first surveyed in 1990 (Bazuhair and 
Hussein 1990). Five newly discovered springs have been added by the current research. Only 15 
of 46 springs flowing in 2013 were extant in 2018 (Aljohani 2014). Three springs (Bahriah, Khlais 
and Alkamel) dried between 2013 and 2018, and one spring (Alyaseerah) dried between being 
sampled in the middle of April and the beginning of July 2018. Some springs surveyed in 2013 
were excluded from the current research including three springs in the Eastern province (Umm 
Saba, Juhariah and Harra) whose spring source had been profoundly altered by pumping, and two 
springs (Alwagrah and Khulab) at Jizan in southwestern Saudi Arabia for security reasons. Sixty-
eight active springs were surveyed in Oman during 1994 by the national Ministry of Water 
Resources. By 2018, only 41 were still flowing. Fifty-one springs were surveyed in Jordan 
(Schaffer and Sass 2013). By 2018, 11 were dry, one was flowing that was dry in 2013 and access 
to 19 was denied. Comparison of historical and current EC results between the years where data 
can be compared was not significantly different. 
In Saudi Arabia, Al Kahem and Behnke (1983) reported that several springs had recently 
dried during a study to collect the fish Cyprinion sp. from a spring in Khaybar City. Four years 
later, the spring was dry, a warning that many springs would disappear in the future as groundwater 
extraction increased. Extensive urbanization, industrial development and agricultural growth in 
the region have changed water quality, leading to accumulation of heavy metals in fish such as 
Tilapia (Oreochromis niloticus) (Al-Kahtani 2009). Moreover, the disappearance of springs 
happened rapidly between 2013- 2018.  Springs surveyed in 2013 displayed higher electrical 
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conductivity (EC) than reported in a survey of 1990 (Aljohani 2014). Similar findings were 
observed in Oman and Jordan, where spring losses, as well as increased electrical conductivity 
were recorded. In the Gulf region of Arabia, over-exploitation is the main reason for this increase 
in salinity by saltwater intrusion. Also, increasing water demands caused the water table to drop 
to support growing populations. This caused a depletion in the fossil water and local aquifers, 
where water use in the region exceeded six times the natural renewal rate (Raouf 2009a; Brook et 
al. 2006). 
 In Jordan, abstraction of ground water in the Azraq basin exceeds renewable freshwater 
resources by more than 20%, and ground water quality is under risk of salinization and 
contamination with agrochemicals (Al-Adamat at el. 2003). Jordan extracts approximately 20 
years of groundwater per annum. It has been forced to consider bringing water by gravity from the 
Red Sea to the Dead Sea, then desalinating it and pumping it up approximately 2000 meters to 
Amman (Salem 2009). 
Concentrations of heavy metals analyzed from all springs surveyed were mostly below 
detection limits with the exception of mercury and aluminum.  Mercury exceeded safe standards 
for drinking water standards in 63 springs, while aluminum exceeded the standards in eight 
springs. According to the World Health Organization (WHO.2003&2013) and United States 
Environment Protection Agency (USEPA.2013), the safe limits of mercury and aluminum in 
drinking water are 0.002 mg/L and 0.2 mg/L, respectively. In this study 30 out of 76 springs were 
thermal: two out of 15 in Saudi Arabia, 14 out of 41 in Oman and 14 out of 20 in Jordan.  The 
levels of heavy metals’ concentrations in these springs was independent of whether the springs are 
thermal or cold.   
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Mercury and aluminum are found in nature and also can be the result of pesticide and 
herbicide use. The source of mercury can be from geothermal features such as volcanoes, geysers, 
hot springs, and fumaroles (Nraigu, 1989; Christenson and Mroczek, 2003). Mercury can be 
released to the environment in gaseous and aqueous forms; however, gaseous Hg emissions were 
the focus in recent studies (Gustin et al., 1996; Engle and Gustin, 2002; Christenson and Mroczek, 
2003). Inhalation of air with a mercury vapour at concentrations between 0.05-0.35 mg/m3 can 
result in acute effects and cause pulmonary irritation and destruction of lung tissue and 
occasionally lead to central nervous system disorders (Skerfving & Vostal, 1972). 
In Saudi Arabia, many studies investigated metals concentrations in groundwater. For 
instance, groundwater samples from 200 wells in the Riyadh region were investigated, where 
concentrations of aluminum and mercury exceeded the maximum contamination level (MCL) by 
2.5 and 19.5%, respectively. A positive correlation exists between aluminum concentration and 
well depth (Alabdula’aly et al. 2011). In 2002, an investigation was conducted by Newcomb and 
Rimstidt, where trace elements in groundwater came from a variety of natural and manmade 
sources. Once in the groundwater, elements are altered by geochemical and biological processes. 
Another assessment of heavy metal concentrations was conducted in Wadi Hanifah Stream, Saudi 
Arabia, and concluded that the increase of the concentration of heavy metals was related to 
anthropogenic activities around the stream (Al-Homaidan et al. 2011).  
In Oman, heavy metals concentrations from wells were investigated, with 80% of total 
samples exceeding the safe level for lead and chromium due to industrial activities and/ or 
ophiolitic rock weathering (Yaghi 2007). Finally, in Jordan, in the Yarmouk basin, concentrations 
of heavy metals in springs exceeded the safe level by heavy metals that could impose a threat to 
human and ecosystem health. Low heavy metals levels were detected in springs far from human 
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activity such as mining and urban development. In contrast, poor water quality was found in 
springs that exhibited mutagenic and possibly carcinogenic activities (Batayneh 2010). 
Springs have changed profoundly in the three nations, as springs cluster analyses showed 
that springs in Saudi Arabia displayed the highest readings of electrical conductivity from 1990 to 
2019, followed by Jordan from 2013 to 2019, and lastly Oman from 1994 to 2019. The reason for 
high readings of dissolved salt in Saudi Arabia and Jordan could be due to high evaporation rates 
and low rainfall in the regions. Oman, in comparison, has its seasonal monsoon between April and 
June, which provides rainfall greater than the total rainfall within the entire Arabian Peninsula.  
In the Arabian Peninsula, increased salinity from over pumping and saltwater intrusion 
have caused springs to disappear. Rapid urbanization and industrialization have led to a sharp 
decline of the water level (Raouf 2009a). Sharaf and Hussein (1996) investigated water movement 
in the Saq aquifer, which is the oldest sedimentary formation located in Saudi Arabia and 
northwards to Jordan. The Saq Formation, one of the main aquifers in the Arabian Peninsula, stores 
significant amounts of groundwater (280,000 million cubic metres) dated from 10 to 30 thousand 
years old. They concluded that evaporation and evapotranspiration are the major causes of the 
increase in the concentration of dissolved minerals in the aquifers. High rates of evaporation and 
lower rainfall allow the concentrations of salt in the soil to be leached when a period of flooding 
(runoff) occur. 
There are several examples of conservation efforts to prevent spring losses globally. The 
establishment of Ash Meadows National Wildlife Refuge in the southwestern United States was 
done to protect threatened springs. Agriculture, urban development and groundwater extraction 
have affected springs and their biota (Pister 1991). In Texas, by the 1970s, 63 out of 281 springs 
had dried, and discharge was reduced in many others (Brune 1975, 1981). In the western U.S., the 
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Rural Electrification Act of 1936 was implemented after high volume electric pumps were used to 
expand agriculture using groundwater, and water was pumped faster than it could be replenished 
by natural recharge. Flow in Elizabeth Springs, Australia, has reduced by 95 percent since the 
1880s (Habermehl 1982).  
Managed Aquifer Recharge (MAR) is recognized as an effective technique to refill aquifers 
with recycled stormwater for non-potable and indirect potable reuse of stormwater in Australia, 
the USA, and Europe (Dillon et al. 2010). MAR benefits the environment by means of check dams 
that efficiently improve groundwater quality, which in turn improves the livelihood of local 
communities (Renganayaki et al. 2013).  In Saudi Arabia, two springs have begun to flow again 
after being dry for almost 40 years according to local people and is likely related to increased 
rainfall and installation of check dams near the springs’ location. A similar scenario is found in 
Chennai, India, where natural recharge increased between 22% and 32% due to building of check 
dams to increase the water table in the aquifers (Renganayaki et al. 2013).   
In summary, spring losses are continuing to increase in the Arabian Peninsula. Only 60% 
of total springs surveyed in 1994 from Oman are still flowing, while approximately 30% of springs 
in Saudi Arabia and Jordan flow. The percentage of lost springs may be higher in both Saudi 
Arabia and Jordan, as access to some springs was denied. Although the California Sustainable 
Groundwater Management Act (SGMA) shows promise for regulation of substantial use and 
depletion of groundwater (Nelson et al. 2016), governance of groundwater elsewhere in the United 
States is fragmented. Nevertheless, three priorities for groundwater governance have been 
established by many states: water quality and contamination, conflicts among consumers and 
decreasing groundwater level (Megdal et al. 2015). Implementing environmental regulations such 
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the SGMA to govern groundwater extraction may be the key factor to protect springs from 
extinction in California. 
In the Arabian Gulf region, water use exceeded six times the renewal rate, which begs the 
question of when, not if, aquifers will be emptied (Brook et al. 2006).  Over exploitation increases 
salinity in groundwater from saltwater intrusion and has led to significant loss of desert springs in 
the Arabian Peninsula (Scheffran et al. 2012). Moreover, regulations must be more effective in the 
Gulf nations. For example, In Saudi Arabia and Oman, permits for groundwater extraction are 
required only in the case of increasing the depth of wells or increasing discharge of groundwater 
to support agriculture (Al-Ibrahim 1991; Ministry Of Regional Municipal And Water Resources 
2009). However, there are no laws that focus on the amount of groundwater extracted with these 
permits. In Jordan, drilling, abstraction and water use are supervised by the Ministry of Water and 
Irrigation and the Water Authorities. In 1967, permits were required in accordance with 
groundwater legislation. However, government regulations were weakened after the war in 1967, 
and drilling of wells was done without any permits (The Hashemite Kingdom of Jordan Ministry 
of Water & Irrigation. 2004). Ouda (2014) has consistently raised the alarm on the danger to 
chronic water shortage in Saudi Arabia, which is caused by the largest water consumer, the 
agricultural sector.  
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CHAPTER THREE:  
BIOLOGICAL PARAMETERS (ZOOPLANKTON, GASTROPODS, FISH) IN SPRINGS 
OF THE ARABIAN PENINSULA (SAUDI ARABIA, OMAN AND JORDAN) 
 
Introduction  
Globally, freshwater resources are facing many threats leading to a decline in biodiversity; 
water pollution, flow modification, habitat degradation and exotic species invasions play a major 
role in this reduction (Dudgeon et al., 2006). Odum (1957) studied water quality, productivity, 
ecosystem structure, and energy flow in Silver Springs in Florida. This seminal work on spring 
structure and function presented important data on spring biota and water quality and established 
a baseline for all future spring investigations. Munch et al. (2006) conducted a fifty-year 
retrospective study on the ecology of Silver Springs to assess changes in this ecosystem and 
focused on the first 1200 meters of the spring run. The study compared current to historical data 
to understand the relationship between spring sheds and land use changes and the ecology of the 
springs. In Canada, an investigation of aquatic arthropods in springs across the country concluded  
that the highest diversity occurs in cold water springs rather than thermal or saline ones and 
recommended that the term “spring” be used conservatively to describe where groundwater 
discharges because conditions change progressively downstream of the spring boil (Danks and 
Williams 1991).  
Productivity is a key component in ecology (Odum 1957). Studies on riparian recovery 
have focused on vegetation, while primary productivity and foodbase population dynamics were 
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less studied.  Although not empirically documented well (Perla and Stevens 2008), grazing of 
livestock on riparian habitats reduces quantity, biomass and health of trees and shrubs.   Likewise, 
the differences between springs and upland areas in the Western US have not been calibrated (Perla 
and Stevens 2008). 
Desert springs support rich flora and fauna, which is one of the desert's unforeseen 
treasures. Discharge of these springs can vary, as some spring discharge matches the rate of 
evaporation causing the springs to create a small pool. In contrast, other springs can have a high 
discharge creating a stream many kilometers long (Shepard 1993). Desert springs are important 
ecosystems, and they provide a unique model to investigate both ecosystem function under 
extreme conditions and adaptations of endemic species (Stevens & Meretsky 2008). For instance, 
springs cover less than 0.01 percent of the Grand Canyon in Arizona. Despite their small size, they 
are considered a keystone ecosystem that supports about 11 percent of plant species in the entire 
area, as well as invertebrates, birds and mammals (Steven and Ayres 2002).  
In the Arabian Peninsula, oases are fertile areas in the desert with permanent bodies of 
fresh water existing as springs or small lakes where the groundwater table intersects the surface 
(Edgell 2006).  Most springs in the Arabian Peninsula have ceased to flow due to groundwater 
extraction for agricultural purposes. As an example, fossil water use for domestic purposes has 
exceeded six times the natural renewal rate in the Gulf countries, leading to salinity increases in 
groundwater as well as disappearance of desert springs (Raouf 2009a).   
Groundwater extraction in the three nations studied here is mainly for irrigation. For 
instance, wheat has been the main crop irrigated in Saudi Arabia, whose water use for irrigation 
increased from 400,000 ha in 1971 to 1.6 million ha in 1992 to rank the nation as the sixth largest 
wheat exporter in the world. By 2008, however, Saudi Arabia had discouraged cultivation of water-
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intensive crops such as wheat in favor of high-value crops such as fruit. (Ouda 2014). Springs in 
the Yarmouk Basin in Jordan have been contaminated with heavy metals associated with human 
activities (Batayneh 2010).   
There is a critical need to document the status of biota in the springs of the Arabian 
Peninsula to provide a database for future management and conservation studies. This chapter 
documents the biota (zooplankton, gastropods and fish) in select springs of Saudi Arabia, Oman 
and Jordan. The relationship of major biotic groups to water chemistry is provided as a baseline to 
evaluate potential future changes in water chemistry from natural and human impacts.   
 
Material and Methods 
Site Locations 
A total of 76 springs (15 Saudi Arabia, 41 Oman and 20 Jordan) were surveyed during 
March-July 2018 for water chemistry, zooplankton, benthos and fish. Each spring was sampled at 
the source/boil for zooplankton, gastropods and fish. However, fish species were found beyond 
the boil, so sampling was extended to include the first 100 meters downstream. 
 
 Zooplankton 
 Zooplankton were sampled by filtering 30/L of water through a Wisconsin plankton net 
with a mesh size 64μm. Samples were preserved with 2% ethanol.  Zooplankton taxa were 
identified and counted under a microscope (AmScope B120C-E1) at up to 1000x magnification 
and identified to lowest taxonomic level practical using an image-based key of freshwater 
zooplankton (Ward and Whipple, 1959; Witty 2004) as well as the most zoobenthos studies in 
Saudi Arabia (Hassan et al. 2014 and Aloufi et al. 2014).  
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Gastropods 
A Surber sampler or Kick-net was used to sample gastropods depending on water depth, 
discharge and substrate type. Sediment was collected whenever possible where low discharge and 
or shape/size of the stream in many springs prevented use of the sampling tools. Samples were 
sieved in the field, hand-picked and preserved with 2% ethanol for identification. Gastropods were 
identified based on the most recent zoobenthos study of freshwater bodies in Saudi Arabia (Hassan 
et al. 2014 and Aloufi et al. 2014) using the identification keys of Ibrahim (1999). 
 
Fish 
Two types of sampling strategies were used for fishes; Standard funnel traps used to collect 
smaller fish. Traps were supplied with dry bread and placed near the spring source for 20-30 
minutes, then fish were collected, and the operation repeated for an additional 20-30 minutes 
period. At the end of the second trial, a seine (15m long, 1.5 m high, 1 cm mesh) with a weighted 
bottom was employed to survey as much of the spring source as feasible. At each spring, the seine 
was first laid across the bottom, left for ten minutes and lifted to collect fish. Then one operator 
stood on each bank with the net placed across the width of the pool or stream, and walked in an 
arc toward the other operator on the opposite side. Sampling continued until no new species were 
collected. All collected fish from both the traps and net samples were placed in a glass aquarium 
filled with water from the site and aerated with an electric aquarium pump.  Fish were removed 
individually, placed on a moist paper towel, photographed and measured prior to being returned 
to the spring where collected. Species identifications utilized an image-based key of freshwater 
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fishes of the region (FishBase.org) and published taxonomic works for the region (Krupp 1983). 
Fish identifications were approved by both Jörg Freyhof and Reginald Victor.  
Fish were sampled according to a protocol approved by Institutional Animal Care and Use 
Committee (IACUC) at the University of South Florida, U.S.A. (IACUC Letter for Study 
IS00002196(0.01)). Each of the 76 springs in Saudi Arabia, Oman and Jordan were surveyed once 
during March-July 2018 at both the stream source and 100 m downstream. In most cases, fish were 
concentrated around the spring source.  
Water chemistry was assessed at each spring source. Two 50 ml water sample were 
collected in Conical Centrifuge Tubes, (preserved with Nitric acid, Phosphoric acid) for laboratory 
analyses of common ions (Na, Ca, K), cations (Cl, SO4) and metals (Zn, Hg, Al, Pb, Cu, Fe) in the 
analytical laboratory of King Abdullah University for Science and Technology (KAUST) in Saudi 
Arabia, using Aquakem 250 and Agilent 5100 ICP-OES, under the supervision of  Heiko Langner, 
Jingyu Liu and Mohammed K. Khalid. Temperature, total suspended solids, pH, specific 
conductance and dissolved oxygen were measured at the spring source using a YSI ProPlus 2030 
meter. 
 
Statistical Analysis 
 Box and whisker plots and Scatter plots were used to show the distribution/ range of the 
variables relative to water chemistry. A stepwise ANOVA (SPSS version 25) was used to assess 
the importance of individual environmental variables for the distribution of each of the four fish 
species. 
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Results and Discussion 
Zooplankton  
Nine zooplankton taxa were recorded in this survey between March and July 2018 (Table 
3.1). Five were rotifers (Branchionus quadridentatus, three Lecane species and a potential 
Trichocerca species) and one was a cladoceran, the chydorid Pleuroxus sp. The remaining three 
taxa were copepods, one cyclopoid (Thermocyclops sp.) and two harpacticoids (Euterpina sp, 
Schizopera sp). Zooplankton distribution by country is provided in (Table 3.1). 
Saudi Arabia. Rotifers from the family Lecanidae and Trichocercidae were the dominant 
taxa, appearing in seven of the thirteen springs with zooplankton. The cyclopoid Thermocyclops 
was the second most encountered zooplankton appearing in five springs, and the chydorid  
cladoceran (Pleuroxus), was found in one spring Al-Bowair (Figure 3.1). Nauplii were not found 
in any springs of Saudi Arabia.  
Taited Spring had the highest total zooplankton abundance (97/L), with rotifers being 
dominant (82/L), followed by copepods (15/L). The next highest zooplankton abundances were 
found in Al Mudiq and Abu Duba (61 and 23/L), where both copepod and rotifer abundance were 
similar (29 and 32/L; 14 and 9/L, respectively). Two springs, Alsafsafa and Jabriah, had only 
rotifers, 21 and 13/L, respectively. Chydorids were recorded only in Al-Bowair spring (50/L). 
Temperature for zooplankton taxa ranged between 29 and 33 oC (Table 3.2). 
Copepod density (cyclopoids) ranged from 1 to 29/L in springs with EC between 500-1910 
µS/cm, while, cladocerans (Pleuroxus) were found in a single spring with low EC (670 µS/cm). 
Rotifers abundances ranged from 0 to 82/L. Rotifers were dominant followed by copepods in EC 
between 500 and 1500 µS/cm. However, zooplankton declined at sites with EC readings above 
1500 µS/cm. Rotifers appeared to tolerate a wider range of EC (1215 and 2625 µS/cm) compared 
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to copepods (670 to 1352 µS/cm), while cladocerans were found at one site that had EC of 670 
µS/cm (Figure 3.2).   
 
Table 3.1 Zooplankton taxa found in springs sampled between March and July 2018. 
ZOOPLANKTON SAUDI ARABIA  OMAN JORDAN 
Rotifera 
Family Lecanidae 
Lecane 1 
 
 
X 
 
 
X 
 
 
X 
Lecane 2 X X X 
Lecane 3 X X X 
Family Trichocercidae 
Trichocerca 
 
X 
 
X 
 
X 
Family Brachionidae   
B. quadridentatus 
 
X 
 
 
 
 
Cladocera 
Family Chydoridae 
Pleuroxus sp 
 
 
X 
 
 
X 
 
 
 
Copepoda 
Order Cyclopoida   
Family Cyclopoidae 
Thermocyclops sp.   
 
 
 
X 
 
 
 
X 
 
 
 
X 
Order Harpactidoida   
Family Diosaccidae 
Schizopera sp. 
 
 
 
 
 
X 
 
 
X 
Family Euterpinidae 
Euterpina sp. 
  
X  
 
X 
Nauplii  
 
X X 
 
 
 
Table 3.2  Zooplankton counts/L in springs in Saudi Arabia. 
 
Spring 
Temp. 
(oC) 
EC 
(µS/cm) 
Copepoda Rotifera Chydoridae Total 
Al Mudiq 31 1215 29 32 0 61 
Abo Duba 33.1 1910 14 9 0 23 
Taited 32.3 1352 15 82 0 97 
Al safsafa 29.4 2625 0 21 0 21 
Jabriah 31 2462 0 13 0 13 
Al-Boair 30 670 1 0 50 51 
  
 
65 
   Figure 3.1 Zooplankton density versus EC for Saudi Arabian springs, March- July 2018. 
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Figure 3.2 Zooplankton taxa (Copepoda, Rotifera and Chydoridae) distribution relative to 
EC in Saudi Arabia.  
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Oman. Copepods were the dominant zooplankton, appearing in 16 of the 41 springs 
containing zooplankton. One copepod, (Thermocyclops sp.), one cladoceran (Pleuroxus sp.), and 
five rotifers (three Lecane spp., Trichocerca spp, and B. quadridentatus) were also present. Nauplii 
were recorded in four springs in Oman (Figure 3.3).  
Wadi Ghul spring had the greatest number of zooplankton taxa where total zooplankton 
abundance was (89/L). Nauplii were the dominant zooplankton (41/L), while copepods, rotifers 
and cladocerans were 18, 14 and 16/L, respectively. Razat spring recorded the second highest total 
zooplankton abundance, where copepods were dominant (41/L), while rotifers and nauplii were 
25 and 14/L, respectively. Springs Alharf, Sukhnah, Helu Lubanah, Sahanoot, Alkhwar and 
Misfat Al-Briyin, had total zooplankton abundance ranging between 49 to 65/L where copepods 
and rotifers were the major taxa found in the springs, with the exception of  Helu Lubanah spring, 
which had only nauplii and cladocerans, with abundance of 27 and 31/L, respectively. The lowest 
zooplankton abundances were found in AL- Tufeil, Al- Ain at Sayq, Sahban, Hajar bani Hameed, 
Likbari, Qury and Muhaydith (10 to 45/L), where EC ranged between 399 to 1198 µS/cm, and 
temperature ranged 21 and 34 oC (Table 3.3). 
Copepod and rotifer density ranged from 9 to 43/L and 10 to 38/L, respectively,  in springs 
with EC between 400 and 1200 µS/cm, while cladocerans were found in two springs with EC 
between 500 to 714 µS/cm. Nauplii were found in four sites (6 to 41/L) with EC between 500 to 
1102 µS/cm. Zooplankton taxa distribution showed a preference based on EC; copepods and 
rotifers had the highest range of EC  followed by nauplii and cladocerans (Figure 3.4).  
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Table 3.3 Zooplankton counts/L in springs in Oman 
SPRING NAME TEMP 
(°C) 
EC 
(µS/cm) 
COPEPODA ROTIFERA NAUPLII CHYDORIDAE TOTAL 
Razat 27.9 876 43 25 14 0 82 
Sahanoot 29.8 736 36 22 0 0 58 
Alkhwar 24.4 1102 27 31 6 0 64 
Hajar bani 
Hameed 
31.2 707 27 0 0 0 27 
Sahban 28 637 9 13 0 0 22 
Helu Lubanah 28.4 499.3 0 0 27 31 58 
Muhaydith 30.5 596 24 21 0 0 45 
Sukhnah 30.3 872 34 16 0 0 50 
Qury 34.2 609 39 0 0 0 39 
Alharf 32.8 1213 18 31 0 0 49 
Likbari 21.2 399 32 0 0 0 32 
Al- Ain at Sayq 22 520 12 0 0 0 12 
Misfat Al-Briyin 25.6 489 27 38 0 0 65 
Wadi Ghul 23 742 18 14 41 16 89 
Seifam 27.4 1092 17 0 0 0 17 
Al- Tufeil 31.3 1198 0 10 0 0 10 
 
 
 
Figure 3.3 Zooplankton versus EC for Oman springs, March- July 2018. 
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Jordan. Eight taxa of zooplankton were recorded in only one spring (Chalet) in Jordan, 
(four Lecane spp. Thermocyclops sp., Schizopera sp., Euterpina sp.  nauplii). The majority of 
springs sampled in Jordan were thermal springs with the exception of two, where temperature was 
23°C and 26°C. However, the densities zooplankton taxa were too low to conduct further analysis. 
 
 
Figure 3.4 Zooplankton taxa (Copepoda, Rotifera, Chydoridae and Nauplius) distribution relative 
to EC in Oman. 
 
Gastropods 
Sampling for benthic invertebrates was difficult as stream structure played a major role in 
preventing data collection at spring sources that usually had a rock substrate, and/or deep pools. 
However, two gastropods (Pseudosuccinea columella and Melanoides tuberculata) were found in 
eight springs in Saudi Arabia (Al Yaseera, Al Mudiq, Umm AlEyal, Abo Duba, Al-Deesah, Taited, 
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Alsafsafa and Ajlan) Table 3.4. However, in Oman, gastropods were found in three springs 
(Alkhwar, Sukhnah and Helu Lubanah), at the source/boil where the substrate consisted of 
sediment and sampling was possible. Electrical conductivity (EC) for sites that contained 
gastropods ranged between 499 and 1102 µS/cm, and dissolved oxygen was 7.5 mg/L.  
 
  Table 3.4 Gastropods collected from study area in Saudi and Oman. 
GASTROPODA  SAUDI OMAN JORDAN 
Order Basommatophora 
Family Lymnaeidae 
Genus Pseudosuccinea 
Pseudosuccinea columella 
 
X X - 
Order Neotaenioglossa 
Family Thiaridae 
Genus Melanoides 
Melanoides tuberculata 
 
X X - 
 
 
 
Gastropods in Saudi Arabia were found in EC ranging between 243 and 2671 µS/cm, while 
in Oman, they were found in low EC (< 1200 µS/cm). No gastropods were found in Jordan springs.  
Detailed analysis for gastropods will be provided in Chapter 4 as part of longitudinal of biota along 
spring-runs. 
Pseudosuccinea columella: This widespread freshwater snail (Madsen and Frandsen 
1989), heat tolerant and a rapid colonizer of slow flowing rivers where is feeds by scraping algae. 
It has been studied for the role as an intermediate host for liver fluke larvae causing fascioliasis 
infections in human (Mas-Coma 2004). The shells of this species is rounded, slightly elongated 
with a short-pointed tip and a body with a pattern of concentric circles two thirds of the shell length 
and a coating with etched lines that cross the grooved linear marks of growth (Castellanos and 
Landoni 1981). 
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Melanoides tuberculate: This gastropod is widespread across the Middle East, South East 
Asia and East Africa (Brown 1994) and it is the most abundant freshwater snail in the Arabian 
Peninsula (Neubert 1998). Similar to P. columella, this species serves as an intermediate host for 
trematode parasites that pose a threat to humans (Aloufi and Amr 2015). It typically occurs in a 
variety of permanent or temporary habitats, including rivers, springs, wetlands, pools, coastal lakes 
and fresh-water or brackish habitats (Brown 1994), and it feeds by scraping substrate for detritus, 
sedimentary organic matter and benthic microalgae (Madsen 1992). Vasconcelos et al., (2013) 
noted that grazing by M. tuberculata can influence species richness and density of periphyton. 
Shells of M. tuberculata range in size to 50 mm in length and are bone colored with red/brown 
markings with a surface textured with crossing striations and circular indentations (Aloufi and 
Amr 2015). 
 
Fish 
Beginning with Playfair (1870), early freshwater fish investigations in the Arabian 
Peninsula (Boulenger 1887, Hora 1921) focused on species identifications. The first systematic 
collection of the fish fauna of south-east Arabia (Oman) conducted by the British Museum in 1937-
1938 resulted in the descriptions of three new species (Trewavas, 1941). Forty years later, Banister 
and Clarke (1977) published the first comprehensive study of Arabian freshwater fishes based on 
numerous sources, and this was followed by Krupp (1983), who examined over 4,500 specimens 
from published and unpublished works for both taxonomic and distributional investigations. Many 
of the past studies lacked locations for several species. 
Berg (1934) felt that the freshwater fish of Arabian Peninsula belonged to two 
zoogeographical divisions, a Syrian province in northern Arabia and an Anterior Asian province 
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for the central and southern parts of the peninsula.  Krupp (1983) assigned the 21 freshwater 
species recorded to one of three provinces: Oman mountains, Red Sea and Gulf of Aden drainages 
and the western part of the Rub’ al-Khali drainage, which roughly correspond to the IUCN 
classification of three freshwater ecoregions for the Arabian Peninsula (Abell et al. 2008). Of the 
21 species of fish, eight endemics are considered as threatened and one as near- threatened 
(Freyhof et al. 2015). The most recent work of Leroy et al. (2018) on global biogeographical 
regions of freshwater fish using extensive datasets, described two kingdoms (Paleogeana and 
Neogeana), six regions (Sino-Oriental, Ethiopian, Palearctic, Australian, Neotropical, Nearctic) 
and several transient zones. Although Jordan has affinities to Palaearctic and Ethiopian regions, 
the freshwater fish fauna of the Arabian Peninsula is not included in any of these categories and is 
grouped under the enigmatic “others”. 
It has been 36 years since the work of Krupp (1983) on the freshwater fishes of Arabia. 
During this period, over extraction of groundwater has seriously depleted many aquifers, and 
numerous springs have disappeared (Gleeson et al. 2012; Aljohani 2014).  Additional human 
impacts to the springs of the area are associated with channelization for increasing irrigated fields 
and excess nutrients and pesticides (Freyhof et al. 2015).  
 Victor (2004), while reviewing the threats to freshwater biodiversity in Oman, considered 
habitat alteration, pollution and biological invasions as important factors.  Freshwater fish diversity 
was particularly sensitive to construction of dams and roads across wadi courses that change the 
drainage characteristics of catchments resulting in loss of biodiversity. Over extraction of water 
for intensive agriculture, facilitating seawater intrusion into coastal aquifers, is damaging fish 
diversity. Inert, chemical and organic pollutants generated during anthropogenic activities also 
have adverse impacts. The biological invasion of African tilapias, mostly of the genus 
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Oreochromis, is a serious threat to the fragile freshwater fish diversity, at least in Oman (Victor 
and Al Makki, 2000) and needs assessment across all other countries in the Arabian Peninsula and 
the Middle East.  
According to Hamidan (2004), the freshwater fish fauna of Jordan consists of 15 species 
belonging to six families. Of these, five species show Palearctic and Ethiopian affinities. Of the 
remaining five, two are Indo-Asiatic, one is Mediterranean and two are relicts from the Tethys 
Sea. Aphanius sirhani, Garra ghorensis, which is endangered, and Aphanius dispar richardsoni 
are considered endemic to Jordan (Krupp and Schneider, 1989; Hamidan and Mir, 2003, 2015). 
At present, there is a critical need to develop a baseline database to track individual springs 
and their associated fish faunas in the face of increasing human habitat alteration and climate 
change. In addition, the distribution of individual species in relation to water chemistry of the 
springs is so far unknown. The current study provides a geo-referenced survey of key springs of 
Saudi Arabia, Oman and Jordan and their current fish fauna and water chemistry. Where possible, 
historical changes in the status of individual springs are provided. Finally, the distribution of fish 
species relative to water chemistry is assessed.  
   
Methods 
Two types of sampling strategies were used for fishes. Standard funnel traps used to collect 
smaller fish were supplied with dry bread and placed near the spring source for 20-30 minutes, 
then fish were collected, and the operation repeated for an additional 20-30 minutes period. At the 
end of the second trial, a seine (15m long, 1.5 m high, 1 cm mesh) with a weighted bottom was 
employed to survey as much of the spring source as feasible. At each spring, the seine was first 
laid across the bottom, left for ten minutes and lifted to collect fish. Then one operator stood on 
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each bank with the net placed across the width of the pool or stream, and one walked in an arc 
toward the other operator on the opposite side. Sampling continued until no new species were 
collected. All collected fish from both the traps and net samples were placed in a glass aquarium 
filled with water from the site and aerated with an electric aquarium pump.  Fish were removed 
individually, placed on a moist paper towel, photographed and measured prior to being returned 
to the spring where collected. Species identifications utilized an image-based key of freshwater 
fishes of the region (FishBase.org) and published taxonomic works for the region (Krupp 1983). 
Fish identification were approved by both Dr. Jörg Freyhof and Dr. Reginald Victor.  
 Fish were sampled according to a protocol approved by Institutional Animal Care and Use 
Committee (IACUC) at the University of South Florida, U.S.A. (IACUC Letter for Study 
IS00002196 (0.01)). Each of the 76 springs in Saudi Arabia, Oman and Jordan were surveyed once 
during March-July 2018 at both the stream source and for 100 m downstream. In most cases, fish 
were concentrated around the spring source.  
Water chemistry was assessed at each spring source prior to fish sampling. Two 50 ml 
water samples were collected in Conical Centrifuge Tubes, (preserved with Nitric acid and 
Phosphoric acid) for laboratory analyses of common ions (Na, Ca, K), cations (Cl, SO4) and metals 
(Zn, Hg, Al, Pb, Cu, Fe) in the analytical laboratory of King Abdullah University for Science and 
Technology (KAUST) in Saudi Arabia, using Aquakem 250 and Agilent 5100 ICP-OES, under 
the supervision of Dr. Heiko Langner, Dr. Jingyu Liu and Dr. Mohammed K. Khalid. Temperature, 
total suspended solids, pH, specific conductance and dissolved oxygen then were measured at the 
spring source using a YSI ProPlus 2030 meter.  
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Site Locations 
A total of 76 springs (15 Saudi Arabia, 42 Oman and 20 Jordan) were surveyed during 
March-July 2018 for water chemistry and fish (Table 3.5). 
 
Statistical Analysis 
Box and whisker and scatter plots were used to show the distribution/ range of the variables 
relative to water chemistry. A stepwise ANOVA (SPSS version 25) was used to assess the 
importance of individual environmental variables for the distribution of each of the four fish 
species recorded. 
Initial selection of springs in Saudi Arabia was based on the 15 flowing springs 
documented in 2013 by Aljohani (2014). Only 10 of the 15 springs were still flowing in 2018, one 
of these was flowing in March 2018 when initially sampled but was dry by early July. Although 
Shaffer and Sass (2014) surveyed 51 springs in Jordan during 2014, by 2018, 11 were dry, one that 
was dry in 2013 was flowing and access to 19 was denied. Sixty-eight active springs were surveyed 
in Oman during 1994 by the Ministry of Water Resources (1994). Three types of springs were 
sampled. Aflaj are ancient man-made channels that are maintained to direct water from the spring 
source to supply domestic and irrigation demands via gravity flow. Some spring sources discharge 
into pools that discharge downstream, while the third spring headwater type consists of a relatively 
unmodified stream. A total of 41 springs were sampled in Oman between March and July 2018.  
Using the definition of hot springs as water exceeding 36.2ºC (Pentecost et al. 2003), the 
numbers of hot springs in the current study were two in Saudi Arabia, 14 in Oman and 14 in Jordan. 
Temperatures at the source of these springs were 36.6-84ºC. The distribution of springs by 
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ecoregion was:  17 S.W. Arabian Coast (14 Saudi Arabia, 3 Oman), 39 Oman Mountains and 21 
Arabian Interior (20 Jordan, 1 Saudi Arabia) (Figure 3.5). 
 
Distribution of Native Fish Species in the Arabian Peninsula  
The IUCN recognizes 21 species of freshwater fish in the Arabian Peninsula, 15 of which 
are endemic (Freyhof et al. 2015). By ecoregion, the S.W. Arabian Coast ecoregion has greatest 
number of species (15), 11 of which are endemic, followed by the Arabian Interior (10 species) 
and the Oman Mountains (5 species including 2 endemics). Sixteen of the 21 species are 
Cyprinidae, with Garra being the most species rich genus. Ten endemic species (4 Arabian Interior, 
6 S.W. Arabian Coast) are considered threatened. The current survey reported no species from the 
Arabian Interior, 2 from the S.W. Arabian Coast and 4 from the Oman Mountains (Figure 3.5). 
Oman has 4 native freshwater fish species (Fouda et al. 1998), Freyhof et al. (2015) 
recognized 8 species in Saudi Arabia and Banister and Clarke (1977) reported 9 species for the 
whole Arabian Peninsula. The discrepancy between investigators is greatest for Jordan where the 
number of native freshwater species ranges between 15 (Hamidan 2004) and 25 (Krupp and 
Schneider 1989). 
The current study found four native fish species: Garra tibanica (Saudi Arabia) and 
Aphanius dispar  (Oman)  in  the  S.W. Arabian  coast  ecoregion  and  Aphanius  dispar,  Garra 
barreimiae, and Cyprinion micropthalmum in the Oman Mountains. As noted by Freyhof et al. 
(2015), most springs usually had 1 or 2 species, but 3 springs in Oman had 3 species. 
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 Table 3.5 Springs in Saudi Arabia, Jordan, and Oman surveyed in 2018 for fish and water 
chemistry. Fish species found include: AD (Aphanius dispar), CM (Cyprinion micropthalmum), 
GB (Garra barreimiae), GT (Garra tibanica). 
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Figure 3.5 Springs sampled in 2018 added to IUCN map of ecoregions of the Arabian Peninsula. 
Dark circles indicate fish present, white circles indicate fish absent. 
 
 
Aphanius dispar (Arabian toothcarp) is a euryhaline, coastal killifish (Cyprinodontidae) 
that is common from the Indian Ocean to the Red Sea, but it is also important in freshwater habitats 
including streams as far inland as Riyadh (Freyhof et al. 2015). It was found in only a few springs 
of Oman in 2018, as sampling were conducted at the first 100 meter of the spring boil, where it 
was often associated with one or two cyprinds (Cyprinion and Garra) as reported earlier by Haas 
(1982). Preferred habitat for this species is dense vegetation or stones, and it spawns on plants and 
rock fissures (Garcia et al. 2015). Many habitats in Oman are concrete channels without vegetation 
and rocks. A. dispar has been introduced widely in the region for mosquito control (Al-Akel and 
Suliman 2011), where it is extremely effective at eliminating later instars and pupae (Homski et 
Jordan  
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al. 1994) but also feeds on small fish including introduced Gambusia young (Al Daham et al. 
1977).  Freyhof et al. (2015) noted that although this species normally feeds near the surface, it 
can shift to bottom feeding if mosquitos are scarce, thus posing potential competition with 
cyprinids feeding on algae and secondarily benthic invertebrates (Krupp 1989) with whom it is 
often associated. It is found over a wide range of salinities (Haas 1982, Skadhauge and Lotan 
1974), and while it displays positive growth responses with increasing salinity from fresh to sea 
water and increasing temperature (Frenkel and Goren 2000), major physiological stress has been 
reported at extremely high salinities >105 ppt (Plaut 2000). Provided it has access to the water-air 
boundary, no physiological problems have been reported at hypoxic levels of dissolved oxygen 
(Homski et al. 1994).  IUCN (Garcia et al. 2015) listed A. dispar as a species of least concern 
because populations trends are stable and suggested there is no need for any conservation action 
at present.  
Cyprinion micropthalmum is a cyprinid of eastern UAE and Oman that has long been 
recognized as a distinct species (Banister and Clarke 1977, Krupp 1989, Fouda et al. 1998, 
Eschmeyer 2012), but there has been discussion about its position within the C. watsoni species 
group. Cyprinion muscatensis is considered by some as a separate species, a subspecies of C. 
micropthalmum (Krupp 1983, 1989) or a synonym of C. watsoni (Eschmeyer 2012). Freyhof et al. 
(2015) argued that C. muscatensis is a valid species based on distinct morphological differences 
from C. watsoni and unpublished molecular data from C. micropthalmum. Until this issue is 
resolved, I have taken the conservative approach and considered C. micropthalmum as a separate 
species. Although detailed data on the ecology of this species are lacking, it has the typical mouth 
morphology of a cyprinid with a sharp horny sheath on the lower jaw to scrape attached plants and 
invertebrates (aufwuchs) from hard surfaces (Krupp 1989). Gut analysis from Wadi Batha in Oman 
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consisted of 90% filamentous algae with the remainder being unicellular algae, aquatic insects and 
sand (Krupp 1989). 
Garra barreimiae (Oman garra) is a cyprinid endemic to Oman and the United Arab 
Emirates (Garcia et al. 2015, Pichler et al. 2018). It is common in mountain streams with rocky 
substrate or gravel pools and feeds by scraping detritus and algae attached to rocks (Krupp 1989). 
Feulner (1998) noted that this species can withstand almost complete loss of water by moving to 
interstitial spaces in gravel beds, and it can travel out of water for short distances if the substrate 
is damp (Garcia et al. 2015). Haas (1982) noted that this species can tolerate water temperatures 
of 40oC and salinity of at least 30% of seawater. A cave dwelling form of G. barreimiae, the Omani 
blind cave fish, exists in the mountains of Oman (Banister 1984), but it is not genetically distinct 
from surface dwelling populations of this species (Kruckenhauser et al. 2011). Although restricted 
to headwater streams in mountains, the species is widespread and has been designated a species of 
least concern by IUCN (Garcia et al. 2015). G. barreimiae is part of the traditional diet of people 
in the mountains of UAE, but harvesting pressure is not considered a major conservation threat 
(Feulner 1998). 
Garra tibanica (Arabian garra) is a cyprinid native to the west coast of Saudi Arabia and 
Yemen (Banister and Clarke 1997 & Krupp 1983) where it is widespread in numerous, isolated 
small populations (Freyhof et al. 2015). It was the only native fish species found in Saudi Arabia 
during 2018. It inhabits headwater pools and streams and feeds on algae attached to rocks. 
Although some populations are decreasing, presumably from over extraction of groundwater, 
IUCN considers it a species of least concern because of its widespread and isolated populations 
(Garcia et al. 2015). 
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There has been a major loss of active springs throughout the Arabian Peninsula in recent 
years. As noted earlier, of the 33 active Saudi Arabian springs in 1990, only 15 were flowing in 
2013, one had no access and a previously undocumented spring was added (Aljohani 2014). By 
2018, only 10 of the 15 documented springs in 2013 were flowing, one of which ceased to flow 
between project sampling in March and early July. However, five undocumented springs were 
discovered during the 2018 investigations. Of the original 68 Oman springs surveyed in 1994, 41 
were still flowing in 2018, while only 11 of the 51 active springs in Jordan in 2013 persisted in 
2018. It must be noted, however, that the status of an additional 19 springs is unknown because 
access was denied. 
Of the 76 active springs in this 2018 investigation, the distribution of fish was extremely 
patchy for all three ecoregions. For the Arabian Interior region, no fish were found in Jordan or 
the one site in Saudi Arabia. The total absence of fish in Jordan is extremely surprising and 
alarming as it has the highest documented species richness of the three nations surveyed. Fish were 
present in 7 of 15 springs sampled in Saudi Arabia and 17 of 41 springs in Oman. Sadly, of the 6 
relatively pristine springs in Saudi Arabia previously undocumented before 2013 and in 2018, all 
only supported a single fish species, Garra tibanica. 
Many of the previous studies of fish species’ distributions in the Arabian Peninsula were 
variously plagued by problems with questionable sources of specimens, multiple sampling 
methods and imprecise sampling location data. Each of the 76 springs from the current study have 
detailed coordinates, and all fish were collected in a standardized method. Given the rapid changes 
to the remaining springs and the patchy distributions of species throughout the region, the current 
study can serve as a database for adaptive management of conservation strategies and long term 
monitoring. Although the general distribution of the four fish species were similar between 1983 
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and 2018 (Figure 3.6), it is time to reconsider the red list status for the fish species of the Arabian 
Peninsula. 
 
 Figure 3.6 Distribution of four native fish species in 1983 (Krupp 1983) and 2018.  
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Species Distribution Relative to Environmental Parameters  
Thirteen environmental parameters were assessed at the origin of each spring where fish 
were found in Saudi Arabia and Oman (Table 3.6). Using 36.2o C as the threshold, two hot springs 
were sampled in Saudi Arabia (maximum temperature 84o C) and 15 in Oman (maximum 50o C), 
but fish were found in only one spring in Saudi Arabia and three in Oman. The maximum 
temperatures where individual species were found were: Aphanius dispar (40o C), Cyprinion 
micropthalmum (38 o C), Garra barreimiae (46 o C), and Garra tibanica (40 o C). Although the 
only hot spring in Saudi Arabia where Garra tibanica was found was 84o C at its origin, fish were 
only present downstream where water had cooled to 40o C. These temperatures are in agreement 
with Hass (1982) who noted that Garra barreimiae tolerates water temperatures of 40oC. 
All four species survived in low dissolved oxygen, with lowest recorded values from the 
current survey for each species as: Aphanius dispar (3.7 mg/L), Cyprinion micropthalmum (3.8 
mg/L), Garra barreimiae (3.8 mg/L), and Garra tibanica (0.13 mg/L). Mean oxygen values for 
each species were 5.6, 5.6, 6.1 and 4.9 mg/L, respectively. Homski et al. (1994) noted that A. 
dispar displays no physiological problems when in hypoxic water as long as it has access to the 
air-water boundary.   
Electrical conductivity (EC) is a measure of total anions and cations in water expressed as 
µS/cm. Springs of Saudi Arabia surveyed in 2018 displayed much greater EC (maximum 6531 
µS/cm, mean 2199 µS/cm) than those of Oman (maximum 2141 µS/cm, mean 818 µS/cm). The 
distributions of the four fish species relative to increasing EC were: Aphanius dispar (maximum 
609 µS/cm, mean 447 µS/cm ), Garra barreimiae (maximum 1290 µS/cm, mean 694 µS/cm), 
Cyprinion micropthalmum (maximum 1290 µS/cm, mean 823 µS/cm)  and Garra tibanica 
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(maximum 6531 µS/cm, mean 2481µS/cm). Garra tibanica was the only species collected from 
Saudi Arabia and was able to tolerate the highest EC of the survey (6531 µS/cm). 
Concentrations of heavy metals analyzed from all springs surveyed (Cu, Pb, Zn) were 
mostly below detection limits with the exception of Al and Hg. Aluminum was detected in all 
springs containing fish, and while no springs in Saudi Arabia (range 0.01-0.03 mg/L, mean 0.02 
mg/L) exceeded the World Health Organization (WHO) and United States Environmental 
Protection Agency (USEPA) safe limit for drinking water of 0.2 mg/L, three of 17 springs in Oman 
(range 0.02-1.01 mg/L, mean 0.17 mg/L) violated this standard (Table 3.6). With the exception of 
two springs each in Saudi Arabia and Oman where it was below detection limits, Hg concentrations 
in Saudi Arabia (range 0.02-1.68 mg/L, mean 0.72 mg/L) and Oman (range 0.27-10.4 mg/L, mean 
1.01 mg/L) springs exceeded the WHO and USEPA safe limit for drinking water of 0.002 mg/L.  
A stepwise ANOVA (SPSS version 25) was used to assess the importance of individual 
environmental variables for the distribution of each of the four species. For each species, a one 
parameter model was significantly correlated with fish presence, although each parameter 
explained a small percent of the variation (<8%). Aphanius dispar, Cyprinion micropthalmum, 
Garra tibanica, and Garra barreimiae were positively correlated with mercury, mercury, electrical 
conductivity, and dissolved oxygen, respectively.  Three species (A. dispar, C. micropthalmum, 
and G. tibanica) were present in a relatively small number of springs ranging from six to seven. In 
addition, A. dispar and C. micropthalmum were both found in Helu Lubanah spring, which 
contained 10.4 mg/L of mercury, by far the highest value of any spring sampled. The remaining 
springs where these species were found contained Hg values ranging from not detected (0.01 mg/l) 
to 1.41 mg/l. The low number of sites, combined with the mercury levels in Helu Lubana, suggest 
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limited values for Stepwise ANOVA in assessing the importance of chemistry for these two 
species. 
 
Table 3.6 Environmental parameters of springs where fish were found: AD (Aphanius dispar), 
CM (Cyprinion micropthalmum), GB (Garra barreimiae), GT (Garra tibanica). 
 
Fish Conservation on the Arabian Peninsula  
The mountains and coastal areas of the southwestern and southern regions of the Arabian 
Peninsula are included within the 34 global hotspots adopted by Conservation International as 
SPRING 
NAME 
TEMP 
(ºC) 
pH 
DO 
(mg/
L) 
TDS 
(mg/L) 
EC 
(µS/ 
cm) 
CATIONS/ANIONS 
(mg/L) 
HEAVY 
METALS 
(mg/L) 
FISH 
SPECIES 
K Mg Ca Na Cl SO4
2- Hg Al 
S
a
u
d
i 
A
ra
b
ia
 
Al- Mudiq 31 7 5.7 773 1369 7 22.8 89.7 146 200 37.4 0.02 0.03 GT 
Al- Yaseerah 30 7 6 845 1456 6.6 21.5 83.6 253 199 40.7 0.02 0.01 GT 
Umm Al- Eyal 31 7 5.7 845 1460 6.9 22.4 92.5 235 193 42.6 1.18 0.02 GT 
Abu-Dhuba 33 7 5.8 910 1610 7.5 22.8 97.1 267 234 47 ND 0.02 GT 
Jabriah 31 7 6.1 1430 2462 7.8 46 210 395 462 141.7 1.68 0.02 GT 
Al–hara 84 7 0.13 2112 6531 33.1 0.3 261.2 697 729.1 176 ND 0.02 GT 
O
m
a
n
 
Qury 34 7 3.7 338 609 1.9 22.9 66.7 19.4 27.4 19.5 ND 0.09 AD-GB 
Bani Habib 20 7 11.5 395 566 1.4 37.9 74. 14.3 23.8 6.4 0.68 0.02 GB 
Likbari 21 7 9.9 279 399 1.6 20.4 42.4 18.6 23.2 11.5 1.41 0.05 
AD-GB-
CM 
Wadi Ghul 23 7 7.7 500 742 6.9 26.1 17.2 100 155.9 6 0.45 0.03 GB-CM 
Sagheer 28 7 6.6 260 422 3.0 59.6 13.7 43.2 82.8 16.5 1.5 0.03 GB 
Seifam 27 7 5.5 682 1092 3.8 25.6 88.1 102.2 152.6 47.2 0.87 0.04 CM 
Al-Tufeil 46 7 6.9 695 63 9.7 66.1 40 175 204.7 72.7 1.62 0.02 GB 
Sahban 28 7 7.5 390 637 1.2 54.7 24.1 17.9 47.6 19.2 0.9 0.03 GB 
Helu Lubanah 28 7.5 5.6 305 499 1.8 41.2 16 17.4 37.6 15.5 10.4 0.04 
AD-GB-
CM 
Muhaydith 30 7.5 6.7 351 596 2.5 47.5 18.8 34.3 40.3 11.3 1.57 0.65 GB 
Sukhnah 30 7.5 5.2 513 872 2.5 63.3 42.9 33.6 62.9 19.7 1.33 0.04 GB-CM 
Al Thawarah 38 7 3.9 409 989 5.3 25.4 63.8 72 89.3 22.7 0.62 1.01 GB-CM 
Alkhwar 24 7.5 3.7 682 1102 5 77.3 54.2 68.6 102 22.5 1.86 0.66 GB 
Al Ghar 38 7 3.8 663 1290 6.5 30.4 84.2 88.5 117.8 48 0.27 0.05 GB-CM 
Razat 27 7.5 5.7 526 876 2.3 21.4 93.4 48.9 84.4 10.3 0.5 0.03 AD-GB 
Sahanoot 29 7 5.2 435 736 2.2 13.7 97.1 33.4 56.7 6 ND 0.04 AD-GB 
Ajran 31 7 3.9 409 701 5 16.9 56.7 135.9 178.6 33. 0.58 0.03 
AD-GB-
CM 
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areas with high biodiversity and endemism that are under threat (Mallon 2011). Freyhof et al. 
(2015) noted that although species richness is low throughout the peninsula, 73% of the freshwater 
fish species of the southwestern coastal area are endemic, with similar figures for the Oman 
Mountains (40%) and Arabian interior (80%).  
The four fish species reported here are extremely resilient to environmental extremes of 
temperature, dissolved oxygen, EC and heavy metals and have adapted strategies to survive 
hydrological stress by moving overland, hiding in rock crevasses and retreating underground. Even 
though populations are often small and isolated because of endorheic drainage, the IUCN Red List 
of Threatened Species considered all four species as of least concern because of their widespread 
populations (Garcia 2015). It was recognized, however, that many isolated populations are facing 
some type of conservation threat (Freyhof et al. 2015). 
Springs in Saudi Arabia, Oman and Jordan are rapidly disappearing. Of the 33 documented 
springs in Saudi Arabia in 1990, only 15 were flowing in 2013, and this was reduced to 10 in 2018. 
One spring sampled in March 2018 had disappeared by July. Additional undocumented springs 
have, however, been added to the spring inventory of Saudi Arabia during my surveys. Only 41 of 
the 68 Oman springs surveyed in 1994 were still flowing in 2018, while only 11 of the 51 active 
springs in Jordan in 2013 persisted in 2018. The status of an additional 19 springs is unknown 
because of access problems in 2018. While over extraction of groundwater for irrigation is a 
problem throughout the Arabian Peninsula (Freyhof et al. 2015), it has been a major factor for loss 
of springs in Saudi Arabia (Aljohani 2014), Oman (Pichler et al. 2018) and Jordan (Hamidan and 
Britton 2015). 
The distribution of fish species among springs of an ecoregion in the Arabian Peninsula is 
unpredictable and reflects drainage networks during the pluvial period of the last glaciation, 
  
 
86 
endorheic drainage, and periodic desiccation of spring sources (Schulz and Whitney 1986, Freyhof 
et al. 2015, Pichler et al. 2018). Once eradicated, recolonization of individual springs is rare. 
Human impacts also play a major role in accounting for the low number of springs in Saudi 
Arabia (7 of 15), Oman (17 of 41) and especially Jordan (0 of 11) with fish populations in 2018. 
Factors contributing to native fish losses in the Arabian Peninsula include surface and groundwater 
extraction, stream impoundments, domestic and agricultural wastewater, pesticides for insect 
vector control, introduced fish species for aquaculture and mosquito control and uncontrolled 
tourism (Freyhof et al. 2015, Hamidan and Britton 2015, Goren and Galil 2005). 
The case of Jordan illustrates how rapidly human activities can decimate regional fish 
populations in the Arabian Peninsula. Although Jordan has the richest freshwater fish fauna in the 
region (Hamidan 2004), Hamidan and Britton (2015) expressed concern that construction of 
numerous impoundments of spring streams in the Jordan Valley between 2002 and 2010 could 
lead to loss of longitudinal conductivity and fragmentation of both habitat and populations. By the 
time of the current fish survey in 2018, no fish were found in the eleven springs surveyed in Jordan. 
All suffered variously from low flow, habitat fragmentation, human waste waters and trash, 
uncontrolled tourism by local populations and stream impoundments. 
In addition to higher demand for increasingly limited freshwater springs, the Arabian 
Peninsula is experiencing impacts from climate change. Since 1994, both temperature (0.72o C per 
decade in the dry season) and precipitation (5.5 mm per decade in wet season) in Saudi Arabia 
have increased significantly (Almazroui et al. 2012), a trend projected to continue into the future 
(Alkolibi 2002). It is time to reconsider the Red List status of the four species and take measures 
to ensure the species can meet human and climate induced environmental changes. Maximum and 
mean EC for Oman springs surveyed increased from 1994 (1700/775 µS/cm) to 2018 (2141/819 
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µS/cm), but the observed EC range for fish remained relatively unchanged (1296/745 µS/cm for 
1994, 1290/793 µS/cm for 2018). Changes for Saudi Arabia have been more dramatic. From 1990 
to 2018, maximum and mean EC for springs increased from 2400/1503 µS/cm to 6531/2199 
µS/cm, while springs containing fish increased only slightly from 2200/1130 µS/cm to 2671/1765 
µS/cm. Although all four species displayed great resilience to meet the harsh conditions of desert 
springs, they appear not to be adjusting to regional elevation in EC associated with human use and 
climate change. 
Although decreasing, there are still many springs in Saudi Arabia and Oman suitable for 
individual fish species to be within their historical geographic range. It is time to consider both 
translocation of species to increase the number of sites, especially in the newly discovered, isolated 
springs, but if the number of springs continues to decline and environmental conditions exceed 
tolerance of species, then breeding of “insurance” populations for re-introduction should be 
considered (Minckley 1995, EPAA 2002). This study provides the first detailed baseline on 
environmental conditions and associated fish distributions in the Arabian Peninsula and serves as 
a valuable tool for adaptive management to ensure conservation of freshwater fish species. 
 
Final Comments on Spring Fauna of the Arabian Peninsula  
Springs support many aquatic and semi aquatic species. Larger springs generally support 
higher biodiversity than smaller springs. Springs are recognized as habitats that are unique, rare 
and globally vulnerable (Springer and Stevens 2009). In freshwater systems, rotifers, cladocerans 
and copepods are the dominant zooplankton (Wallace and Snell, 1991; Dodson and Frey, 1991; 
Williamson, 1991).  
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Lack of rainfall differentiates desert streams from others and alters water quality, discharge 
and periods of decline or no flow. They are high temperature systems with abundant sunlight 
supporting an ecosystem where the fauna represent relicts of a time when water was plentiful 
(Hubbs and Miller, 1948; Por et .al 1986), providing a looking glass into the past (Scates, 1968; 
Hersheler et al. 1999.  
With the exception of freshwater fish, freshwater biota are poorly studied in the springs of 
the Arabian Peninsula (Dumont et al. 1986, Segers & Dumont 1993, Victor and Al-Mahrouqi 
1996). Four zooplankton species (two cladocerans and two copepods) have been recorded in a 
mountain reservoir in Oman (Victor and Victor 2002), and 14 zooplankton taxa were recorded in 
the springs of Saudi Arabia; seven rotifers (four Lecane spp., three Brachionus), one cladoceran 
(Pleuroxus sp), five copepods (cyclopoid (Halicyclops sp. and four harpacticoids (Bryocamptus 
sp., Schizopera sp., Euterpina sp. and Metis sp.) and one unidentified ostracod (Aljohani 2014). 
The limited studies on freshwater fauna of the Arabian Peninsula were conducted in a 
geographically small region (Aloufi and Obuid-Allah. 2014). There is limited information about 
zoobenthos communities in springs of the Arabian Peninsula. However, there are a few studies of 
wadis, permanent lakes, temporary ponds, wells and a few springs in specific regions / Provinces 
of Saudi Arabia. For instance, a survey of freshwater zoobenthos was conducted in Al-Taif/ Mecca 
Province, investigating five wadis that channel flood water, recording a total of 32 macrobenthic 
taxa (Hassan et al. 2014). Moreover, 76 sites were surveyed for zooplankton in the North West 
region (Tabuk) of Saudi Arabia. There were only three springs, and the rest of the sites were 
permanent lakes, temporary ponds, wells and reservoirs. They recorded 38 taxa of Arthropoda and 
Rotifera (Aloufi and Obuid-Allah. 2014). 
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Many studies have shown the effect of salinity on the diversity and abundance of 
freshwater macroinvertebrate communities. The amount of dissolved salts generally increases 
from upstream to downstream. In the Meurthe River, France, higher salinity seems to favor 
establishment of exotic species (molluscs and crustacea), while some insect orders 
(Ephemeroptera) declined (Piscart at el, 2005). The effect of increasing salinity on the emergence 
of zooplankton from eggs and the germination of aquatic plant seeds from the sediment of two 
wetlands were examined in Australia. Salinity caused reduction in species richness and reduction 
in abundance of aquatic plants and zooplankton (Nielsen at el 2003). Increased salinity in springs 
can affect the biodiversity of the springs (Victor 2004). Another example of the impact of salinity 
on zooplankton and plant diversity in Australian wetlands concluded that increased salinity can 
lead to less diverse communities as well as loss of species (Nielsen et al. 2008). These studies, 
among many, support the reliance on EC as a controlling factor for the distribution of spring fauna 
in the current study.  
A total of 43 and 19 zooplankton taxa were recorded, respectively, in Abu Zabaal Lake, in 
Egypt and Wadi Hanifah in Saudi Arabia. Rotifers where the dominant taxa in Abu Zabaal Lake, 
while few zooplankton taxa were recorded in Wadi Hanifah. Zooplankton were recorded in high 
electrical conductivity in Egypt and Saudi Arabia, 8000 µS/cm and 4000 µS/cm, respectively (Al-
Ghanim 2012). Zooplankton species density displayed a relationship with EC. In Saudi Arabia, 
taxa abundance appears to be higher in low EC (less than 1500 µS/cm) and decreases as springs 
became more saline. Rotifers had the highest range of EC followed by copepods. In Oman, 
although EC is considered to be low in all the sites that contained zooplankton, species abundance 
appeared to favor a low range of EC (less than 900 µS/cm) than a higher range. Copepods had the 
highest range of EC followed by rotifers and nauplii. Cladoceran taxa were found in springs with 
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the lowest EC readings in both countries (Saudi and Oman), where springs were found in rural 
areas, little affected by human activities. Zooplankton density in Saudi and Oman was higher in 
soft water (low mineral content) than in springs of higher levels. The highest zooplankton density 
appeared in Oman and Saudi Arabia within a similar range of salinity of soft water. However, in 
hard water (high mineral content) the range of salinity between both countries did not overlap. 
Two gastropod taxa were observed: (Pseudosuccinea columella and Melanoides 
Tuberculate) were found in the spring- runs of eight springs in Saudi Arabia (Al Yaseera, Al 
Mudiq, Umm AlEyal, Abo Duba, Al-Deesah, Taited, Alsafsafa and Ajlan). In Oman, gastropods 
were found in three springs (Alkhwar, Sukhnah and Helu Lubanah).  Gastropods in Saudi Arabia 
appeared in springs that had a higher range of EC and dissolved oxygen compared to species 
distributions in Oman. The presence of gastropods is affected by the type of the substrate, as the 
bottom of the stream is characterized by a rocky surface covered with sand and gravel resulting 
from running water (Hassan et al. 2014). This type of substratum occurred farther downstream in 
this study.  
Freshwater mollusk distributions are controlled by physical, chemical and biological 
properties (Thorp and Covich 1991; Pennak 1989; see Hutchinson 1993). Total dissolved solids 
(TDS), dissolved oxygen, water temperature, substrate, water depth, food supply, competitiveness 
and predation are the primary factors affecting molluscan occurrence (Sharpe 2002). Gastropods 
in Saudi Arabia appeared in springs that had a higher range of EC and dissolved oxygen compared 
to species found in Oman.  
In Australia, gastropods play a significant role within food webs during spring because 
they are abundant and appear to be the main food source for desert goby (Moran et al. 2019). 
Springs had taxa such as gastropods that have low active dispersal capability and are less likely to 
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be adept at coping with physically variable environments (Moran et al. 2019). Habitat features 
such as temperature contribute to variation in shell length (Mehler et al. 2015). Gastropod species 
persist in springs across all seasons (Mehler et al. 2015), with recurring local extinctions and 
colonization due to dispersal by external occurrences such as floods (Rossini et al 2016), thus 
gastropod populations may be under or overestimated if species samples are not temporally stable 
(Rossini et al. 2016). 
Fish in the Simpson Desert have the capacity to disperse during rainy period (Hillyard et 
al. 2015). Successful fishes must be capable of tolerating extreme temperatures and salinity to 
survive in the unpredictable environment of a desert (Hillyard et al. 2015). However, widely 
distributed fish need to migrate quickly when they come into contact with water; which is not often 
the case (Hillyard et al. 2015). Essentially, Lake Eyre in Australia serves as a barrier to dispersal 
because most of the streams where fish feed from rarely ever reach the lake (Hillyard et al. 2015). 
In the first assessment of conservation status of freshwater gastropods in Canada and the 
United States by the American Fisheries Society, 703 species were studied including various 
subcategories considered at-risk or extinct. Of the entire fauna, gastropods have the highest modern 
extinction rate, exceeding that of fishes and crayfishes, and are highly susceptible to habitat loss 
and decline, particularly narrow outbursts confined to a single spring or short stream (Johnson et 
al. 2013) 
Desert fish are generally extremely hardy and have persisted during desertification. 
Patterns of dispersal or vicariance (i.e. the separation of organisms by a geographic barrier 
resulting in differentiation into a new species) can differ among sympatric taxa suggesting that 
randomly determined events are exploited differently. For example, one species may be spread to 
a new region with a dispersal event while another can not (Hillyard et al. 2015).  
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The extinction of desert fish is often associated with introduced species, altered water flow, 
and climate change. For example, the African pupfish Apanius sauorensis became extinct in the 
wild due to human alteration of the habitat and introduction of non-native species (Hillyard et al. 
2015). In the southwestern US, loss of riparian habitat caused by human activity ranged between 
40- 90 percent (Dahl 1990). 
Krupp (1983) assigned 21 freshwater fish species to one of three provinces in Arabia: 
Oman mountains, Red Sea and Gulf of Aden drainages and the western part of the Rub’ al-Khali 
drainage (the large, interior sand desert comprising most of the southern third of Arabia). Four fish 
species were extremely resilient to environmental extremes of temperature, dissolved oxygen, EC 
and heavy metals and have adapted strategies to survive hydrological stress by moving overland, 
hiding in rock crevasses and retreating underground. Even though populations are often small and 
isolated because of endorheic drainage, the IUCN Red List of Threatened Species considered all 
four species of this study as being of least concern because of their widespread populations (Garcia 
2015). Many isolated populations are facing some type of conservation threat (Freyhof et al. 2015). 
Increasing demand for water in desert regions caused extinction or placed many endemic species 
in jeopardy of extinction (Soltz and Naiman 1978; Wilson and Blinn 2007). 
Overall, optimal EC levels in desert freshwater systems differ based on whether an animal 
is a fish, zooplankton, or gastropod, and vary further depending on their geographical locations. 
Desert springs are extremely vulnerable ecosystems populated by a many endemic species 
(Stanislawczyk et al. 2018). Springs in the deserts contain exclusive populations and widespread 
species caused by segregation and restrictions on free dispersals, and not by species sorting or 
changes in the environment. (Stanislawczyk et al. 2018). Overall, salinity does contribute to 
biodiversity within deserts and is necessary to maintain food webs in given areas. 
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The evaluation of biodiversity should be viewed as a high priority in the absence of 
sufficient information on flora and fauna in those ecosystems. Habitat alteration is a significant 
threat to biodiversity (Victor 2004). The history of conservation in the three countries studied in 
the Arabian Peninsula is starkly different from that of the United States, and therefore, any strategy 
has to begin with consumer awareness, add components for business accountability, and lastly 
reinforce the potential influence of the existing agencies such Ministry of Environment Water and 
Agriculture in Saudi, the Ministry of Water and Irrigation in Jordan, and the Ministry Of Regional 
Municipal And Water Resources in Oman in the three countries.  
A consumer awareness campaign needs to be implemented using multi-media that calls 
attention to each country’s history and challenges to the value of freshwater resources and ecology. 
Consumer usage needs to be monitored and taxed.   Monitoring systems need to be put in place. 
Those communities located near desert springs should be engaged to monitor and report the 
condition of the local springs to government agencies and be given incentives to minimize 
pollution of these springs. 
Road and dam construction, mining, oil production and agriculture required permits are 
often not enforced. An impact study should be conducted before such projects are approved and 
permitting should be enforced. Government agencies need to develop an educational curriculum 
that is implemented throughout the school system. When given data on the condition of springs by 
local communities, government agencies should be enabled to investigate business whose pumping 
is impacting the condition of the spring. This study is essential to document the status of biota in 
the springs of the Arabian Peninsula and to provide a database for future management and 
conservation studies.  
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CHAPTER FOUR:  
 
BIOLOGICAL AND CHEMICAL DOWNSTREAM GRADIENTS 
IN SPRINGS OF SAUDI ARABIA 
 
 
Introduction 
 
Desert springs occur as isolated oases, alteration of head water springs to increase 
discharge has a major impact on the ecosystem and can lead to loss of biota (Stevens & Meretsky 
2008). For example, Jackrabbit Spring, Nevada dried due to overpumping for irrigation (Pister 
1991), and Raycraft Springs was buried for mosquito control, which led to loss of the only 
population of poolfish (Empetrichthys lotas lotas) (Minckley and Deacon 1968; Soltz and Naiman 
1978). Changing the outflow of the stream by inserting barriers can affect both head water and 
downstream flow causing changes in chemistry, physics and biology. For example, Poza de la 
Becerra, Mexico, where 10 km² of a marshland was reduced in a few days to less than 10-15 
hectares due to diversion for irrigation, eliminated habitat for many endemic species: three species 
of turtles, seven fishes and eight snails (Minckley 1969, 1992).  
There are many factors that control the health of freshwater ecosystems; for example: water 
temperature, flow, salinity, and the degree of contamination. The roles of temperature and flow in 
streams are well known. Changes in species assemblages are related to changes in parameters 
associated with stream hydraulics (Statzner & Higler 1986). Increased salinity will cause a 
decrease in biodiversity (Piscart et al.2005; Kefford et al.2006). High concentrations of pesticides 
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used in agricultural practices will decrease biodiversity and will eventually lead to species losses 
(Beketov et al. 2013). 
Pumping of aquifers in eastern and southern Nevada caused water tables to decrease by 0.3 
meters to 3.0 meters (Schaefer and Harrill, 1995). The Grand Canyon Wildlands Council (2002) 
stated that human activity has negatively impacted 80-93% of springs in Arizona. These activities 
are varied and include tourism/recreation, commercial clear cutting of timber, interbasin water 
transfer and livestock grazing (Thomas et al. 1979).  
Saudi Arabia is geographically divided into the Arabian Shelf and Arabian Shield. The 
Arabian Shelf consists primarily of sedimentary rocks on top of the basement of the Arabian 
Shield, slanting toward the Arabian Gulf. Within the Shelf, groundwater is found in several 
aquifers (Saq, Wajiid, Tabuk, Minjur, Dhurma, Wasia and Biaydh, Umm er Radhuma, Dammam, 
and Neogene) varying in age from Cambrian to Pliocene. The Arabian Shield, on the other hand, 
is geographically restricted to the western and southwestern regions of the Kingdom and consists 
of complex assemblages of crystalline and crystallophyllian rocks of Precambrian to Cambrian 
age, with volcanic flows of Tertiary to Quaternary age (Bazuhair and Hussein 1990).  
Natural sources of fresh water have been exhausted in Saudi Arabia. The number of drilled 
wells increased from 26,000 in the early 1980s to approximately 85,000 in the late 1990s. The 
depth of these wells ranges between 100m-850m. High abstraction rates of ground water may have 
a major impact on ground water level (Abderrahman 2001).  
Understanding the mechanisms that drive the patterns of biological complexity across 
spatial gradients and through time has been well investigated (Ward & Dufford 1979; Jacobsen et 
al. 2010). Longitudinal zonation has been studied to establish the relationship between the structure 
and function of freshwater system (i.e. river, springs). Vannote et al. (1980) proposed the river 
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continuum concept to explain progressive changes in stream structure and function along the linear 
course of its valley from headwaters to mouth. In forested areas, the food web of headwaters is 
considered heterotrophic because streams are narrow with closed tree canopy that essentially 
eliminates photosynthesis to any extent. Energy is derived from terrestrial leaves entering the 
stream that are consumed by benthic invertebrates that shred this material and export finer pieces 
downstream that in turn become the food base for collector-gatherer insects. Again, even finer 
material is exported downstream to support filter feeding insects. Overall, there is a shift from 
heterotrophic to autotrophic based food webs downstream as the stream/river widens, and there is 
little impact of tree canopy to block sunlight for photosynthesis. Both species richness and 
abundance increase downstream (Fernandes et al.2013) in response to increased nutrients and 
associated primary production (Horwitz.1978; Desmond et al. 2000). 
Unlike forested stream, the primary production of desert streams is driven by high light 
intensity, low current, high temperatures and intensive internal recycling of nutrients, as aquatic 
photosynthesis can quickly become light saturated in these shallow, clear water streams (Busch & 
Fisher, 1981; Velasco et al., 2003; Bunn et all. 2006). Many studies have shown the effect of 
salinity on the diversity and abundance of freshwater macroinvertebrate communities. Over 
pumping has a major impact on springs in desert areas, as it can lead to an increase in salinity of 
the springs that causes a decrease in biodiversity (Piscart et al. 2005; Kefford et al. 2006). The 
purpose of this chapter is to investigate the extent of biotic and chemical downstream gradients 
with increasing distance downstream from the spring source in Saudi Arabia. Comparisons will be 
made between springs existing only as pools versus those with spring runs of varying lengths, and 
thermal springs will be compared with cold springs. In all cases, spring runs end abruptly in the 
desert without downstream connections. 
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Material and Methods 
Site Locations 
Initial selection of springs in Saudi Arabia was based on a subset of 10 of the 15 flowing 
springs documented in 2013 by Aljohani (2014) and still flowing plus five newly documented 
springs from the current study. Fifteen springs were investigated in Saudi Arabia (Figure 4.1). 
Spring runs were assessed for longitudinal patterns in physical, chemical and biological 
parameters. The total length of each spring was measured using Google Earth Pro. The total length 
of spring runs varied greatly from 46m to 2623m. From an initial station at the spring boil, number 
of stations were assigned to each run by dividing the total length into equidistant segments based 
in the most recent image from Google Earth Pro. Water depths at each station were characterized 
as shallow or deep, with the former being less than 50 centimeters. 
Water chemistry was assessed at each spring source prior to fish sampling. Two 50 ml 
water sample were collected in Conical Centrifuge Tubes, (preserved with Nitric acid, Phosphoric 
acid) for laboratory analyses of common actions (Na, Ca, K), anions (Cl, SO4) and metals (Zn, Hg, 
Al, Pb, Cu, Fe) in the analytical laboratory of King Abdullah University for Science and 
Technology (KAUST) in Saudi Arabia, using Aquakem 250 and Agilent 5100 ICP-OES, under 
the supervision of  Heiko Langner, Jingyu Liu and Mohammed K. Khalid. Temperature, total 
suspended solids, pH, specific conductance and dissolved oxygen were measured in situ at the 
spring source using a YSI ProPlus 2030 meter.  
 
Fish 
Fish were sampled according to a protocol approved by Institutional Animal Care and Use 
Committee (IACUC) at the University of South Florida (IACUC Letter for Study 
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IS00002196(0.01)). Each of the 13 springs in Saudi Arabia was surveyed once during March-July 
2018. Species identifications utilized an image-based key of freshwater fishes of the region 
(FishBase.org) and published taxonomic works for the region (Krupp 1983). Fish identification 
were approved by both Jörg Freyhof and Reginald Victor.  
 
Zooplankton 
Zooplankton were sampled at stations starting at the spring boil and continuing 
downstream, by collecting water (30 L) in a submerged bucket at the deepest water point and 
filtering it through a Wisconsin plankton net with a mesh size 64μm. Most of the springs became 
shallower (less than 50cm) after the second sampling station where zooplankton sampling 
consisted of collecting water with a smaller bucket for a total volume of 30 L, and then filtering it 
through Wisconsin plankton net with a mesh size 64μm. Samples were placed in plastic bottles 
and preserved with ethanol (2%).  Zooplankton taxa were examined under a microscope (AmScope 
B120C-E1) at up to 1000x magnification and identified to lowest taxonomic level practical using 
an image-based key of freshwater zooplankton (Ward and Whipple, 1959; Witty 2004) as well as 
the most recent zoobenthos studies in Saudi Arabia (Hassan et al. 2014 and Aloufi et al. 2014).  
 
Gastropods 
A Surber sampler or Kick-net was used to sample benthic invertebrates depending on water 
depth, discharge and substrate type. Sediment was collected whenever possible where low 
discharge and or shape/size of the stream prevented use of the sampling tools. Samples were sieved 
in the field, hand-picked and preserved in ethanol (2%) for identification. Gastropods were 
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identified based on the most recent zoobenthos study of freshwater bodies in Saudi Arabia (Hassan 
et al. 2014 and Aloufi et al. 2014) using the identification keys of Ibrahim (1999). 
 
Figure 4.1 Spring locations in Saudi Arabia.  
 
 
Historical and current satellite images were downloaded from Google Earth Pro to 
calculate irrigated area and vegetation cover around six springs for the period 2002-2018. Two 
springs (Alnajel and Albowair) lacked a spring run and appeared as pools, preventing the zonation 
investigation. Five springs lacked historical images so only current data were available. 
 
Statistical Analysis 
Bar plots were used to show the distribution and range of water chemistry among spring 
stations. Two sample t-Tests were conducted between first and last station for each spring, to 
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determine whether changes in chemical parameters were significant between stations.  Google 
Earth Pro was used to calculate the irrigated area over time, by creating a polygon for the site using 
historical images and comparing it with the most current images.  
 
Results 
Seven zooplankton taxa were recorded in this survey between March and July 2018. Five 
were rotifers (three Lecane sp., and Brachionus quadridentatus and a potential Trichocerca sp.) 
and one was a cladoceran, (chydorid Pleuroxus sp.). The remaining taxa were cyclopoid 
copepods, (Thermocyclops sp.). Zooplankton were recorded at all sites except the Jummat Bani 
Hilal spring.  Two gastropod taxa (Pseudosuccinea columella and Melanoides tuberculata) were 
found in seven springs (Al Yaseera, Al Mudiq, Umm AlEyal, Abo Duba, Al-Deesah, Taited, 
Alsafsafa and Ajlan).  Garra tibanica (Arabian garra) was the only fish found and only in the 
spring boil from six of the 15 springs. 
Aldeesah  
Aldeesah is located in the northern region of Saudi Arabia (Tabuk, 27°37'57.56"N, 
36°32'5.70"E) at the bottom of a mountain. Stream run/spring length did not change from 2003 to 
2018 (Figure 4.2). Measurement of the green (vegetated) area indicated that the stream length 
ranged from 5 to 5.7 kilometers (km) between 2003 and 2018. Three sampling stations were 
assigned along the spring run, station 2 and 3 (1547m and 2623m from spring boil) (Table 4.1).  
Temperature was similar between stations averaging 23.5 ºC. Water chemistry parameters 
including electrical conductivity and heavy metals increased as the stream progressed with the 
highest readings at the second sampling station (686 µS/cm); similar results were observed at the 
third  station  (685 µS/cm).  Total  dissolved  solids  were  low  at  the first station (161 mg/L) and 
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increased at the second and third station (455 and 456 mg/l). Mercury concentrations exceeded the 
safe limit standard by WHO and USEPA (0.002 mg/L) at all sampling stations (0.67, 1.22 and 0.7 
mg/L, respectively). Aluminum exceeded the safe limit (0.2 mg/L) at station two and three (0.5 
and 0.29, respectively) (Figure 4.3). 
 
 
 
Figure 4.2 Historical (Left) vs current (Right) status of the spring. Numbers represent sampling 
stations elevation of satellite image is 20 km. 
 
 
 
Table 4.1 Biological and water chemistry data of the spring (Aldeesah) downstream stations (ST#). 
Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water at that 
station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/c
m) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0  (NA) - - - 243 161 24.1 6.1 8 54 35 39 7 0.67 0.01 
2 1547 < 50 - 12 
cop.  
16 
rot.  
23 
(2 
taxa) 
686 455 23.4 7.1 10 66 66 72 14 1.22 0.5 
3 2623 < 50  - - 34 
(2 
taxa) 
685 456 23.2 7.9 8 66 66 72 14 0.7 0.29 
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Figure 4.3 Physical and chemical parameters of sampling stations at Aldeesah spring. 
 
 
 
Dissolved oxygen ranged from 6 mg/L to 7.9 mg/L among all three stations. Cation and 
anion concentrations were low at the first sampling station and increased in second and third 
station. An increase in all investigated parameters occurred at the second sampling station, 
however, results remained steady at the third station.  
 
At the first sampling station, which is the spring boil, no biota were recorded as springs 
discharged from fracture at the bottom of a mountain. However, as the stream continued, 
zooplankton and gastropods appeared at the second sampling station characterized by a deeper 
stream basin (approximately 50 cm) and sediment substrate where gastropods were found. At the 
third station, gastropods were also present as the stream became shallower (less than 50 cm). The 
stream run continued after the third sampling station. However, accessing the stream was 
impossible as the stream runs through private property. All water chemistry parameters 
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investigated in this spring increased compare to the spring boil. However, changes in readings after 
the second sampling station did not vary downstream. 
 
Zooplankton were found only at station two, where 12 copepods (Thermocyclops sp.), and 16 
rotifers: 10 Lecane sp., and 4 Brachionus quadridentatus and 2 potential Trichocerca sp. were 
found. Gastropod taxa were recorded in the second sampling station (16 Pseudosuccinea columella 
and 7 Melanoides tuberculata). The abundance of the two taxa increased at sampling station three 
where both taxa (19 P. columella and 15 M. tuberculata) showed an increase in numbers along the 
stream run compared to the previous station. Fish species were absent at all three stations.  
 
Al-Safasafa  
Located in the governorate of Khaybar (25°43'35.40"N, 39°15'58.68"E), the spring has 
been used for irrigation for many years. This spring was not reported in previous studies. Spatial 
images showed vegetation cover decreased between 2003 and 2018 (Figure 4.4). The second 
sampling station (587 meters from the spring boil) was assigned to an area before where natural 
discharge from the spring intersects with water pumped from wells. No further sampling stations 
Figure 4.4 Historical (Left) vs current (Right) status of the spring. Numbers represent sampling 
stations. Elevation of satellite image is 4 km. 
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were assigned as this study focused on spring run.  Images were not clear enough to conduct further 
measurements of vegetation cover and establishing the comparison between historical and current 
agricultural status.  
Temperature increased between stations recording 29 ºC at the spring boil and 31 ºC at the 
second sampling station. Water chemistry parameters increased between first sampling station and 
second station (587 m from spring boil). Electrical conductivity readings were similar between the 
first and second station recording 1560 µS/cm to 1790 µS/cm, respectively. Dissolved oxygen 
concentration doubled at the second station recording 10.01 mg/L. Cation and anion concentration 
slightly increased between stations; the only exception was chloride which showed a minor 
decrease (Figure 4.5). Mercury concentrations exceeded the safe limit standards by WHO and 
USEPA at both sampling stations, 5.5 and 6.6 mg/L, respectively. Aluminum was not detected at 
either sampling station. 
 
 
Figure 4.5 Physical and chemical parameters of sampling stations at Al-Safsafa spring. 
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Zooplankton were only recorded at station one characterized by a deep pool (approximately 
1 meter), and rocky substrate. Twenty-one rotifers: (9 Lecane sp., and 9 Brachionus quadridentatus 
and 3 potential Trichocerca species) were found at the spring boil. Gastropod taxa (22 P. columella 
and 27 M. tuberculata) were recorded in the second sampling station where the stream was shallow 
and consisted of sediment substrate. Fish were absent in both stations (Table 4.2).   
 
 
Table 4.2 Biological and water chemistry data of the spring (Al-Safsafa) downstream stations 
(ST#). Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water 
at that station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/c
m) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 < 50 - 
21 
rot. 
- 2925 1560 29 5.5 14 31 429 432 165 5.5 - 
2 587 < 50 - - 
49 
(2 
taxa) 
2954 1790 31 
10.0
1 
15 32 482 424 181 6.6 - 
 
 
Al-Bowair 
Al-Bowair (previously unrecorded) is a spring located in a rural area north of Madinah 
(24°58'13.80"N, 38°47'7.80"E). This spring appeared as a small pool far from any agriculture. 
Only one sampling station was assigned as the spring lacked stream run. Limited images prevented 
historical comparison. Al-Bowair is the spring that recorded the lowest readings of all water 
chemistry parameters among all the springs surveyed. 
Temperature at the spring boil was 30ºC, electrical conductivity and total dissolved solids 
were the lowest in comparison to all springs investigated in this study recording 670 µS/cm and 
325 mg/L, respectively.  Dissolved oxygen at the spring boil was 4.7 mg/L, while cations (Table 
4.3). Cations concentrations for sodium (63.8 mg/L), calcium (54.6 mg/L) were higher than 
potassium (1. 5mg/L), anions concentrations for chloride was (38 mg/L) and sulfate (12 mg/L). 
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Mercury concentration was 0.01 mg/L, which exceeded the safe limit standard by WHO and 
USEPA (0.002 mg/L), aluminum was below the safe limit (0.2 mg/L).  
 
Table 4.3 Biological and water chemistry data of the spring (Al-Bowair) downstream stations 
(ST#). Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water 
at that station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 < 50 - 
1 
cop. 
50 
clad. 
- 670 325 30 4.7 1.5 54.6 63.8 38 12 0.01 0.02 
 
 
Two zooplankton taxa where recorded (1 cyclopoid-(Thermocyclops), and 50 chydorid-
(Pleuroxus)). Cladocerans were found only in this spring. Fish and gastropods were not observed 
during sampling. 
 
Taited 
Located in a rural area north of Madinah (24°49'7.32"N, 39° 0'2.16"E), this spring was first 
documented in 2014 (Aljohani 2014). Vegetation cover was approximately 19,000 m2 in 2004, but 
increased to 28,000 m2 in 2018 (Figure 4.6). This spring is still used for irrigation, and three 
sampling stations were assigned along spring run, station 2 and 3 were (126m and 247m from 
spring boil). 
Temperature decreased by one degree (31-32ºC) at the second sampling station. Electrical 
conductivity decreased between station further from the spring boil, recording 1352 µS/cm at 
spring boil and decreased at the second and third station recording 1150 µS/cm and 1147 µS/cm,  
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Figure 4.6 Historical (left) vs current (right) status of the springs. Numbers represent sampling 
stations; green line represent vegetation cover based on 2018 image, elevation of satellite image is 
1.2 km.  
 
 
respectively. Total dissolved solids had the highest readings at the spring boil (1924 mg/L) and 
decreased to 715mg/L at the second station, while slightly increased at the third station 754 mg/L. 
Mercury exceeded the safe limit at station 1 recording 0.52 mg/L and decreased at station 2 and 3; 
0.01 mg/L and 0.04 mg/L, respectively. On the other hand, aluminum concentrations were almost 
the same at all stations ranging from 0.1 mg/L at the first station to 0.14 mg/L at the third sampling 
station (Figure 4.7). 
Zooplankton taxa decreased along the stream run, with highest abundance at station 1 with 
97/ L, (15 copepods (Thermocyclops sp.), 82 rotifers:  27 Lecane sp., and 36 Brachionus 
quadridentatus and 19 potential Trichocerca sp.). At station 2 zooplankton taxa were less (10 
copepods (Thermocyclops sp.) and 24 rotifers: 9 Lecane sp., and 10 Brachionus quadridentatus 
and 5 potential Trichocerca species), zooplankton were not found at station 3. Gastropods taxa 
were not found at station 1. However, both taxa were found at station 2 and 3 recording; 62 and 
45 P. columella and 42 and 52 M. tuberculata, respectively (Table 4.4). 
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Figure 4.7 Physical and chemical parameters of sampling stations at Taited spring. 
 
 
 
Table 4.4 Biological and water chemistry data of the spring (Taited) downstream stations (ST#). 
Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates water depth at that station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 <50 - 15 
cop.  
82 
rot. 
5 B. 
quad 
- 
 
1352 1924 32 5.3 3.9 78.1 180 204 48.3 0.52 0.11 
2 126 <50 - 10 
cop.  
24 
rot. 
104  
(2 
taxa) 
1150 715 31 5.4 3.7 79.3 136 205 48.1 0.01 0.13 
3 247 <50 - - 97 
(2 
taxa) 
1147 754 31 6.1 4.2 86 145 204 48.6 0.04 0.14 
 
Alnajel 
Located in a rural area north of Madina (24°49'7.32"N, 39° 0'2.16"E), it is similar to the 
previous spring (Taited). Vegetation cover varied over the years from approximately 19,000 m2 in 
2004 to 30,000 m2 by 2018 (Figure 4.8). The spring is used for irrigation. Only one sampling 
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station at the spring boil was investigated since spring water was pumped to support agriculture 
measurement of depth for the first sampling station was not possible. There were no biological 
data recorded at the sampling station and proposed zonation study was not possible.   
.   
             
Figure 4.8 Historical (Left) vs current (Right) status of the springs. Numbers represent sampling 
stations; green line represent vegetation cover based on 2018 image, elevation of satellite image is 
1.2 km. 
 
 
Alnajel spring was the only spring where alteration of the spring boil by pumping was 
observed. One sample of water chemistry was obtained from the spring boil, where temperature 
was 28ºC, electrical conductivity was 1140 µS/cm, and total dissolved solids were 702 mg/L. 
Dissolved oxygen was 5.5 mg/L. Potassium was the lowest cation (4.2 mg/L) followed by calcium 
(76.4 mg/L) and sodium (160 mg/L), concentration of chloride was 196 mg/L, and sulfate (46.2 
mg/L). Mercury exceeded the safe limit standards for drinking water by WHO and USEPA 
recording 0.37, while aluminum was below the safe limit standards 0.16 mg/L, (Table 4.5).  
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Table 4.5  Biological and water chemistry data of the spring (Alnajel) downstream stations (ST#). 
Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water at that 
station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 NA - - - 1140 702 28 5.5 4.2 76.4 160 196 46.2 0.37 0.16 
 
 
Jabriah 
Jabriah (previously unrecorded) is a spring located in the governorate of Yanbu Al Bahar, 
northwest of Madina (24°19'21.72"N, 38°24'59.40"E). According to locals, the spring was dry for 
forty years, and there were no previous studies. Spatial images confirm that the spring was dry 
from 2003 to 2016 (Figure 9). Three sampling stations were assigned along the spring run, station 
2 and 3 were (113m and 211m) from spring boil (Figure 4.9).  
Temperature increased by one degree (ºC) at the second station. Electrical conductivity 
increased farther from spring boil, recording 2462 µS/cm at the first station, 2665 µS/cm at the 
second station, and 2676 µS/cm at the third station. Total dissolved solids followed the same 
pattern as electrical conductivity, reaching 1430mg/L, 1623mg/L and 1637mg/L, respectively. 
Dissolved oxygen increased between stations recording the highest readings at the third station 
(7.9mg/L) compared to the spring boil (6.1mg/L) and second station (7mg/L). 
The majority of cations increased at the third station compared to the spring boil. Potassium 
concentrations at the first sampling station was 7.8mg/L, while at the third station the concentration 
was 8.8mg/L. Calcium readings were similar between the stations ranging from 210 to 217mg/L, 
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sodium concentrations was similar at the first and third sampling stations recording 395mg/L and 
375, respectively, and increased at the second sampling station (404mg/L). Both chloride and 
sulfate were similar between stations, where chloride ranged between 450 to462 mg/L, and sulfate 
ranged between 139 to 144 mg/L. Mercury concentrations exceeded the safe limit standards by 
WHO and USEPA (0.002) at all three sampling stations 1.66, 1.78 and 1.68 mg/L, respectively. 
Aluminum concentration were within the safe limit (Figure 4.10).  
Sampling station 1, where the water depth appeared to be deeper (approximately 1m) and 
had a rock substrate, was the only station where fish species (Garra tibanica) and zooplankton (13 
rotifers; 7 Lecane sp., and 5 Brachionus quadridentatus and 1 potential Trichocerca species) were 
found. The stream became shallower (less than 50 cm) farther downstream. Sampling stations 2 
and 3 had gastropod but fish and zooplankton were absent along the stream run. Gastropods density 
increased along stream run, recording 27 P. columella and 24 M. tuberculata at station 2 and 36 
P. columella and 31 M. tuberculata at station 3 (Table 4.6). 
 
 Figure 4.9 Historical (Left) vs current (Right) status of the spring. Numbers represent sampling 
stations, elevation of satellite image is 2 km. 
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Figure 4.10 Physical and chemical parameters of sampling stations at Jabriyah spring. 
 
 
Table 4.6 Biological and water chemistry data of the spring (Jabriah) downstream stations (ST#). 
Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water at that 
station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 ~ 50 GT 13 
rot. 
- 2462 1430 31 6.1 7.8 210 395 462 141 1.66 0.02 
2 113 < 50  - - 51  
(2 
taxa) 
2665 1623 32 7 6.2 217 404 450 139 1.78 0.01 
3 211 < 50 - - 67 
(2 
taxa) 
2676 1637 31 7.9 8.8 213 375 464 144 1.68 0.02 
 
 
Ajlan 
Ajlan (previously unrecorded) is a spring located in the governorate of Yanbu Al Bahar, 
northwest of Madina (24°19'4.80"N,38°25'5.52"E), and approximately 0.55 km from Jabriyah 
spring (described previously). According to locals, the spring was dry for approximately 40 years. 
Total length of the stream is approximately 932m and used for irrigation throughout its length. 
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Three sampling stations were assigned along the spring run, station 2 and 3 were 492m and 850m 
from spring boil (Figure 4.11).  
 
Figure 4.11 Historical (Left) vs current (Right) status of the springs. Numbers represent sampling 
stations, elevation of satellite image is 2 km. 
 
Table 4.7 Biological and water chemistry data of the spring (Ajlan) downstream stations (ST#). 
Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water at that 
station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 ~ 50 - - - 2925 1527 32 6.33 9.16 222.
9 
407.
5 
512.
5 
150 1.76 0.03 
2 492 < 50 - - - 2667 1540 31 7.3 8.57 223.
1 
403.
8 
515.
9 
150.
1 
1.66 0.03 
3 850 < 50 - - - 2607 1530 31 7 8.72 224.
9 
403.
6 
521.
5 
150.
1 
0.41 0.6 
 
 
 
All sampling stations were on a newly channelized irrigation system that was under 
construction at time of sampling. Temperature decreased by one degree (ºC) at the second station. 
Electrical conductivity at the spring boil was 2925 µS/cm and decreased at the second and third 
sampling station (2667 µS/cm, 2607 µS/cm, respectively). Dissolved oxygen increased from the 
spring boil 6.3 mg/L to 7 mg/L at the second and third station. Potassium values were similar at 
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the three stations ranging between 9.1mg/L to 8.5mg/L, while calcium and sodium readings remain 
unchanged along the spring run (222mg/L to 224mg/L at the third station). Sodium remained 
unchanged along the spring run recording its highest reading at the spring boil 407 mg/L, and 403 
m/L for sampling stations 2 and 3. Sulfate readings were the same at all sampling stations 150 
mg/L, while chloride slightly increased between stations recording 512mg/L at the spring boil and 
521mg/L at the last sampling station. Mercury concentrations exceeded the safe limit standards by 
WHO and USEPA (0.002) at all three sampling stations (1.76, 1.66, 0.41 mg/L, respectively). 
Aluminum concentrations increased in station three. Ajlan spring did not appear to possess biota 
(Figure 4.12). 
 
 
Almudiq 
Almudiq is one of four springs (9-Alyaseerah, 10-Umm Al-eyal and 11-Abo Duba) that 
have been studied since the 1990’s, all of which are located in Wadi Alfar’a south-east of Madina, 
µS/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
EC TDS oC DO K Ca Na Cl So4 Hg Al
Station one 2925 1527 32 6.33 9.16 222.9 407.5 512.5 150 1.76 0.03
Station two 2667 1540 31 7.3 8.57 223.1 403.8 515.9 150.1 1.66 0.03
Station three 2607 1530 31 7 8.72 224.9 403.6 521.5 150.1 0.41 0.6
0
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2000
2500
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3500
Physical and chemical parameters of sampling stations at 
Ajlan spring
Station one Station two Station three
Figure 4.12 Physical and chemical parameters of sampling stations at Ajlan spring. 
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23°19'32.88"N, 39°37'39.72"E.  Limited images confirmed that stream length has not changed 
(1578m) from 2010- 2018. Vegetation cover increased during these years, as the springs stream 
run was clearly observed. In 2010, vegetation cover was approximately 100000 m2, compared to 
200695 m2 in 2018. Four sampling stations were assigned to evaluate the spring run status, station 
2,3 and 4were 728m, 1428m and 1974m from spring boil (Figure 4.13; Table 4.8).  
 
Temperature ranged between 31 to 32 ºC between stations. Electrical conductivity at 
sampling stations 1, 2 and 4 ranged between 1215 to 1969 µS/cm, while values decreased at 
sampling station 3 (584 µS/cm). Total dissolved solids followed the same pattern, where values at 
sampling stations 1, 2 and ranged between 721 to 773 mg/L, while values decreased at sampling 
station 3 (331 mg/L). Dissolved oxygen fluctuated between stations ranging from 4.8 to 6.8 mg/L. 
Potassium fluctuated between stations, recording its lowest readings at the first station 7.03 mg/L, 
while at station 2, 3 and 4 it ranged between 10.4 and 12.6 mg/L. Calcium decreased slightly 
between stations where the highest readings were recorded at the spring boil (89.7 mg/L), and the 
Figure 4.13 Historical (left) vs current (right) status of the springs. Numbers represent sampling 
stations. Yellow line represents vegetation cover in 2010, red line represents vegetation cover in 
2018, elevation of satellite image is 3 km.  
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lowest were at station 4 (87.2mg/L). Sodium concentrations increased along the spring run 
recording its lowest readings at the spring boil 146 mg/L, and similar readings (approximately 200 
mg/L) recorded along the spring run at station 2, 3, and 4. Chloride and sulfate were similar at all 
stations, recording 200 and 37 mg/L, respectively.  Mercury results were the same for all sampling 
stations meeting the safe limit standards for drinking water (0.02). Aluminum was below the safe 
limit at all sampling stations 0.03mg/L (Figure 4.14). 
 
Table 4.8 Biological and water chemistry data of the spring (Almudiq) downstream stations (ST#). 
Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water at that 
station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 ~100 GT 
29 
cop. 
32 
ro. 
- 1215 721 31 5.7 7.03 89.7 146 200 37.4 0.02 0.03 
2 728 < 50 - 
34 
rot. 
132 
(2 
taxa) 
1369 773 32.4 4.88 12.6 88.7 203 203 37.2 0.02 0.03 
3 1428 < 50 - - 
15  
(2 
taxa) 
584 331 32.5 6.7 10.4 88.4 199 201 36.8 0.02 0.03 
4 1974 < 50 - - 
98 
(2 
taxa) 
1318 747 32.6 6.82 12.6 87.2 201 204 37.9 0.02 0.03 
 
 
One fish species (Garra tibanica) was recorded only at the spring boil (station one). 
Zooplankton taxa were recorded at sampling stations 1 and 2; 29 copepods (Thermocyclops sp.), 
and 32 rotifers; 10 Lecane sp., and 12 Brachionus quadridentatus and 10 potential Trichocerca 
species were recorded in station 1; 34 Rotifers were recorded at station 2 (14 Lecane sp., and 7 
Brachionus quadridentatus and 13 potential Trichocerca species). No zooplankton taxa were 
found at the stations 3 and 4.  The gastropods P. columella and M. tuberculate were found at 
stations 2, 3 and 4. Their abundance was lowest at station three, 6 P. columella and 9 M. 
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tuberculate, compared to station 2, 42 P. columella and 90 M. tuberculate, and station 4, 57 P. 
columella and 41 M. tuberculate.  
 
 
Figure 4.14 Physical and chemical parameters of sampling stations at Almudiq spring. 
 
 
Alyaseerah  
This spring located in Wadi Alfar’a south-east of Madina (23°18'33.84"N,39°35'51.00"E). 
Spatial images were available for only three years; 2010, 2013 and 2018. Stream length has not 
changed since 2010, staying approximately 503 m2. In 2010 and 2013, vegetation cover was not 
possible to assess since it appeared fragmented. Total vegetation cover area in 2018 was 37067 
m2. Three sampling stations were assigned to evaluate the spring run status, station 2 and 3 were 
199 m and 389 m, downstream from spring boil (Figure 4.15; Table 4.9). This spring was sampled 
in April 2018 and dried by July 2018. 
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Temperature was highest at the third sampling station 34ºC, having increased from 30ºC at 
station 1. Electrical conductivity at sampling stations one and two ranged between 1456 to 11607 
µS/cm and decreased at sampling station 3 (501 µS/cm). Total dissolved solids followed the same 
patterns ranging between 942 to 845 mg/L, and decreased at station the last station 278 mg/L. 
Dissolved oxygen was high at the third sampling station 11 mg/L compare to the first and second 
sampling station 1 and 2; 6 and 5.3 mg/L. Calcium concentrations were similar between stations 
ranging between 83 mg/L to 85 mg/L. Sodium decreased at the second station 171 mg/L, compared 
to the first station 253 mg/L, and increased more at the third sampling station 186mg/L. Similar 
readings of chloride and sulfate were recorded between stations, 200 and 40 mg/L, respectively. 
Mercury increased at station 2 and 3: 0.8 and 0.6, respectively, exceeding the safe limit standards 
in drinking water. Aluminum concentration was at a safe level for all stations (0.01 mg/L (Figure 
4.16). 
Figure 4.15 Historical (left) vs current (right) status of the springs. Numbers represent sampling 
stations, elevation of satellite image is 3 km. 
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The fish species Garra tibanica was recorded at the spring boil. Zooplankton were not 
recorded at any station. Gastropods were observed only at the second station with 12 P. columella 
and 16 M. tuberculata.  
 
Table 4.9 Biological and water chemistry data of the spring (Alyaseerah) downstream stations 
(ST#). Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water 
at that station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 ~100 GT - - 1607 942 30 6.05 6.6 83.6 253 199 40.7 0.02 0.01 
2 199 < 50  - - 2 
taxa  
(28) 
1456 845 31 5.32 6.5 84.5 171 201 40.9 0.8 0.01 
3 389 < 50 - - - 501 278 34 11 6.9 85.2 186 198 41.2 0.6 0.02 
 
 
 
Figure 4.16 Physical and chemical parameters of sampling stations at Alyaseerah spring. 
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Umm Al-eyal  
This spring is located in Wadi Alfar’a southeast of Madina (23°15'40.32"N, 
39°33'59.76"E). Similar to the previous spring (Alyaseerah), limited images were available for 
2010 and 2018. Total length of the spring increased from 190m in 2010 to 1942m in 2018. 
Vegetation cover became extremely fragmentated by 2018 hindering its measurement (Figure 
4.17). Three sampling stations were assigned to evaluate the spring run status were station 2 and 
3 (582 m, 1120 m) from spring boil (Table 4.10). 
 
 
Table 4.10 Biological and water chemistry data of the spring (Umm Al-Eyal) downstream stations 
(ST#). Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water 
at that station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 ~100 GT - - 1724 1001 31.3 5.7 6.94 92.5 235 193 42.6 1.18 0.02 
2 582 < 50 - - - 1460 845 32 5.4 7 91.4 162 193 42.4 0.02 0.01 
3 1120 < 50 - - - 1493 835 31.3 7.2 11.4
2 
90.8 166 192 42.3 0.02 0.01 
 
Figure 4.17 Historical (left) vs current (right) status of the springs. numbers represent sampling 
stations, elevation of satellite image is 2 km. 
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Temperature was similar at the three stations (31-32ºC). Electrical conductivity at station 
1 was the highest 1724 µS/cm, while stations 2 and 3 were lower (1460 and 1493 µS/cm). Total 
dissolved solids for all three stations followed the same pattern, recording the highest readings at 
station 1 (1001 mg/L), while lower readings were recorded for the second and third stations (845 
and 825 mg/L), respectively.  Dissolved oxygen at the first two stations was 5mg/L and increased 
to 7.2 mg/L at the third station. Potassium was the highest at the third sampling station (11.42 
mg/L), while it was lower and unchanged at the previous stations (7 mg/L). Calcium was similar 
at all stations (90 mg/L). Both chloride and sulfate were the same at all stations recording 193 and 
42 mg/L, respectively.  Mercury exceeded the safe limit of drinking water at the first station (1.18 
mg/L), while both mercury and aluminum were low at all stations (0.02 mg/L) (Figure 4.18). 
 
 
Figure 4.18 Physical and chemical parameters of sampling stations at Umm Al-eyal spring.  
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The fish species Garra tibanica was recorded at the spring boil in water exceeding one-
meter depth. The rest of the spring run consisted of a shallow (less than 50cm), channelized 
irrigation system that lacked fish. Zooplankton and gastropods were not recorded in any of the 
sampling stations (Table 4.10). 
 
 
Abo Duba 
This was the fourth spring that was located in the same area as the previous three (Wadi 
Alfara’a, 23°12'35.28"N, 39°33'0.36"E).  Only three years (2013, 2016 and 2018) of historical 
images were available. All images indicated that the spring length has not changed over the years, 
consistently recording 1049 m in total length of stream run. However, vegetation cover increased 
from 164767m2 in 2013 to 189405m2 in 2018 Four sampling stations were assigned to evaluate 
the spring run status, station 2,3 and 4 were 336 m, 595 m and 870 m from spring boil (Figure 
4.19). 
                                                                                                                                                                                                                                                            
 
 
Figure 4.19 Historical (left) vs current (right) status of the springs. Numbers represent sampling 
stations, elevation of satellite image is 3 km. 
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Temperature was relatively constant along the spring run at 31-33 ºC. Station 1 had the 
highest electrical conductivity (1910 µS/cm), while the rest of the stations ranged between 1349 
and 1564 µS/cm. Dissolved oxygen was similar at all stations (5-6 mg/L). Both potassium and 
calcium concentrations were similar along the spring run at 7 and 97 mg/L, respectively. Sodium 
was highest at the first sampling station (267 mg/L) and declined along the spring run (177 mg/L). 
Chloride and sulfate concentration were similar between stations recording 234 and 47 mg/L, 
respectively. Mercury was not detected at any station. Aluminum readings were the same at all 
sampling stations (0.02 mg/L), within the safe limit standards for drinking water (Figure 4.20).  
 At station 1, fish (Garra tibanica) and zooplankton were recorded: 14 copepods 
(Thermocyclops sp.), and 9 rotifers: 5 Lecane sp., and 2 Brachionus quadridentatus and 2 potential 
Trichocerca species. Station 2, 3 and 4 had no fish and zooplankton.  Gastropods were recorded 
at stations 2, 3 and 4 at 64, 93 and 78, respectively. Twenty- one P. columella and 43 M. 
tuberculata were recorded at station 1, 41 P. columella and 52 M. tuberculata at station 2 and 40 
P. columella and 38 M. tuberculata were found at station 3. The abundance of these two taxa was 
lower in station 2 and 4 compared to station 3 (Table 4.11). 
 
Table 4.11 Biological and water chemistry data of the spring (Abo Dhoba) downstream stations 
(ST#). Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water 
at that station.  
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 ~100 GT 
14 
cop. 
9 rot. 
- 1910 1072 33.1 5.8 7.5 97.1 267 234 47 - 0.02 
2 336 < 50  - 
64 
(2 
taxa) 
1610 910 32.9 5.5 7.5 94.9 177 234 47 - 0.02 
3 595 < 50  - 
93 (2 
taxa) 
1349 773 32 6.2 7.2 95.4 177 232 47 - 0.02 
4 870 < 50  - 
78 (2 
taxa) 
1564 910 31 6.4 7.3 94.3 178 230 46.8 - 0.02 
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Figure 4.20 Physical and chemical parameters of sampling stations at Abo Duba spring.  
 
 
 
Al Harrah 
Located in Al-Lith governorate (Makkah, 20°27'41.04"N, 40°28'15.60"E), Al Harrah is 
one of two thermal springs surveyed in this study. Total length of the vegetated area was 12 km. 
However, there was no surface water after the third sampling station. Vegetation cover increased 
between 2005 and 2018, where vegetated area was 1.67 km2 in 2005, compared to 21 km2 in 2018. 
This spring does not support any agriculture. Three sampling stations were assigned along the 
spring run to evaluate the status of the spring (station 2 and 3 were 241 m and 676 m) from spring 
boil (Figure 4.21).  
The highest temperature readings were recorded at the spring boil (84 ºC), and decreased 
along the spring run reaching 79 ºC at the second station and 40 ºC at the final sampling station. 
The highest electrical conductivity of all springs studied was recorded at AL Harrah spring, where 
the  first  two  stations  ranged  between  6533  and  6661 µS/cm. Total dissolved solids decreased 
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Figure 4.21 Historical (left) vs current (right) status of the springs. Numbers represent sampling 
stations, elevation of satellite image is 7 km. 
 
incrementally from station 1 (2112 – 682 mg/L). Dissolved oxygen was the highest at the last 
sampling station 6.5 mg/L compared to the previous stations (0.13 and 0.3 mg/L). Potassium 
decreased between station 1 through 3 recording 33, 26 and 24mg/L, respectively. Calcium 
concentrations were the same at first two stations (261 mg/L) and decreased at the third sampling 
station (145 mg/L). Sodium concentrations were high at the first station (697 mg/L) and decreased 
at sampling station 2 and 3; (280 mg/L). Chloride increased between stations, where the lowest 
readings were recorded at the first sampling station (729 mg/L), then increased slightly at the 
second and third sampling stations (746 and 744 mg/L). Sulfate concentrations decreased between 
stations, recording its highest readings at station 1 and 2; (176 and 174 mg/L), while the lowest 
readings recorded at the last sampling station (87.6 mg/L). Mercury was not detected in any of the 
sampling stations, Aluminum ranged between 0.03 and 0.02 mg/L at all stations (Figure 4.22).  
 There were no recorded biota at sampling stations 1 and 2. Fish (Garra tibanica) were 
found as well as nine rotifers taxa (7 Lecane sp., and 1 Brachionus quadridentatus and 1 potential 
Trichocerca sp.) at sampling station 3. Gastropods were not found at any sampling station.     
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Figure 4.22 Physical and chemical parameters of sampling stations at Al-Harrah spring.  
 
 
Table 4.12 Biological and water chemistry data of the spring (Al-Harrah) downstream stations 
(ST#). Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth of water 
at that station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 NA - - - 6661 2112 84 0.13 33.1 
261.
2 
697.
5 
729.
1 
176 - 0.02 
2 241 < 50 - - - 6533 1982 79 0.3 26.1 
261.
4 
284.
1 
746 174 - 0.03 
3 676 < 50 GT 
9 
rotife
rs 
- 1333 682 40 6.5 24.9 
145.
7 
281.
7 
744 87.6 - 0.03 
 
 
Jummat Bani Hilal  
The second thermal spring in this survey is located in Al-Lith governorate (Makkah, 
20°17'54.24"N, 40°42'2.52"E). Two sampling stations were assigned along the spring run to 
evaluate the status of the springs (station 2 was 46m from the spring boil). Temperature at the two 
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stations ranged between 44 and 55 oC. Based on historical imagery, there was no sign of water 
discharge at the site in 2002. However, the spring had a stream run by 2018. Stream total length 
increased from 52 meters in 2006 to 95 meters in 2018.  This spring did not support any agriculture. 
Neither station had any biota (Figure 4.23).   
 
 
Figure 4.23 Historical (left) vs current (right) status of the springs. Numbers represent sampling 
stations, elevation of satellite image is 1 km. 
 
Temperature decreased from the first station (55ºC) to 44 ºC at the second station. All water 
chemistry parameters used for comparison decreased at the second sampling station, electrical 
conductivity at the two sampling stations were 5203 and 4076 µS/cm, respectively. Total dissolved 
solids were 2131 and 1973 mg. Dissolved oxygen at the both stations (0.21-1 mg/L), potassium 
and calcium were similar between stations recording 27 and 220 mg/L, respectively. Sodium 
decreased from 769 mg/L at the first station to 417 mg/L at the second station. Chloride and sulfate 
maintained similar readings between stations 700 and 169 mg/L, respectively (Table 4.13). 
Mercury and aluminum concentrations were the same at the sampling stations, 0.01 and 0.02 mg/L, 
respectively, and did not exceed the safe limit standards by WHO and USEPA (Figure 2.24).  
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Figure 4.24 Physical and chemical parameters of sampling stations at Jummat Bani Hilal spring. 
 
 
Table 4.13 Biological and water chemistry data of the spring (Jummat Bani Hilal) downstream 
stations (ST#). Dist. (m) indicates distance downstream from boil. Dep. (cm) indicates the depth 
of water at that station. 
ST # 
Dist. 
(m) 
Dep. 
(cm) 
FAUNA WATER QUALITY ION & HEAVY METAL CONCENTRATIONS (mg/L) 
Fish 
Zoo. 
(#/L) 
Gast. 
(#/L) 
EC 
(µS/
cm) 
TDS 
(mg/
L) 
Tem
p. 
(oC) 
DO K Ca Na Cl SO4 Hg Al 
1 0 NA - - - 5203 2131 55 0.21 27.5 215 769 700 
169.
5 
0.01 0.02 
2 46 < 50 - - - 4076 1973 44 1 27.2 220 417 701 165 0.01 0.02 
 
Eleven springs had spring runs, while two springs were pools without stream flow. Two 
sample t-Test was performed on the springs with more than one sampling station to determine if 
there is a significant difference in water chemistry parameters between first (spring boil) and last 
sampling stations. None of the stations recorded any significant difference, as p-value for eleven 
springs were higher than (0.05). Two springs had one sampling station, therefore a comparison 
was not possible.  
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Discussion  
Most deserts are characterized by a wet season that is predictable, whereas the amount of 
rainfall is not. (Whitford & Duval 2019). The food webs of many desert streams differ from 
forested streams by being open, shallow and stony where a rich film of algae and microbes is well 
developed (Allan et al. 2007). High primary production in desert streams is driven by high light 
intensity, low current velocity and high temperature (e.g. Busch & Fisher, 1981; Velasco et al., 
2003). Understanding the mechanisms that drive the patterns of biological complexity across 
spatial gradients and through time have been well investigated (Ward & Dufford 1979; Jacobsen 
et al. 2010). To determine the overall longitudinal patterns of biotic richness, evenness, biomass 
and density, Carroll and Thorp (2014) investigated zoobenthic communities in three karst springs 
in the Ozark region of Missouri, USA and hypothesized that all three springs would exhibit similar 
biotic patterns. The results, however, showed that taxonomic richness increased downstream in all 
studied springs, while species evenness decreased. 
Longitudinal zonation has been studied to establish the relationship between the structure 
and function of freshwater rivers and springs. Vannote et al. (1980) proposed the River Continuum 
Concept to explain progressive changes in stream structure and function along the linear course of 
its valley from headwaters to mouth. In forested areas, the food web of headwaters is considered 
heterotrophic because streams are narrow with closed tree canopy that essentially eliminates 
photosynthesis to any extent. Energy is derived from terrestrial leaves entering the stream that are 
consumed by benthic invertebrates that shred this material and export finer pieces downstream that 
in turn become the food base for collector-gatherer insects. Again, even finer material is exported 
downstream to support filter feeding insects. Overall, there is a shift from heterotrophic to 
autotrophic based food webs downstream as the stream/river widens, and there is little impact of 
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tree canopy to block sunlight for photosynthesis. Both species richness and abundance increase 
downstream (Fernandes et al. 2013) in response to increased nutrients and associated primary 
production (Horwitz.1978; Desmond et al. 2000).  
In this study, zooplankton taxa were found in seven of 13 springs and restricted to the first 
and second sampling stations. Copepods, rotifers and chydorids were found only in a deeper 
sections of the stream (exceeding one meter), Gastropods were found farther from the spring boil 
(station 2 and 3) where the stream is shallow (less than 50 cm) with silt/ clay sediment substrate. 
The number of species fluctuated between springs based on the depth of the stream and type of the 
substrate.  
Feeding types of aquatic insects in three cold desert streams were investigated by Gaines 
et al. (1989). Detritivores were the dominant organisms in all investigated streams, where 
collector-gathering and filter feeding were the major feeding types, it was concluded that the food 
source at headwaters of the cold desert streams was detritus in the form of fine particulate organic 
matter. Busch and Fisher (1981) described desert streams as autotrophic. This study indicates that 
the pattern of biotic presence is not typical in so far as these desert streams are between 
heterotrophic and autotrophic and net importers or exporters of organic matter that associated with 
periodic flash flooding. (Cushing and Wolf 1984).  
In the thermal springs (N=2) of the current study, changes in chemical and physical 
parameters were noted downstream including, decreased temperature, total dissolved solids, 
electrical conductivity and cations, anions. On the other hand, heavy metals remained relatively 
constant. The drop-in temperature downstream was faster in the one of the springs, which is longer 
and hotter than the second one. Neither thermal spring was used for agriculture. In contrast, cold 
springs (N=11) were all used for agriculture and represented, 4 different groups based on the 
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length/ size of the spring run: large springs (Aldeesah, Almudiq and Umm Al-Eyal) where the 
length of the stream run ranged between 1120 to 2623 m, medium springs (ALsafsafa, Ajlan and 
Abo Dhoba) where the length of the stream ranged between 587 to 870 m, small springs (Taited, 
Jabriah and Alyaseerah) ranging between  (211 to 389 m) and two springs that have no downstream 
run. These categories were established to assess how rapid are the changes in chemical and 
physical parameters from spring boil to downstream.  
In large springs, EC and TDS increased between the spring boil and the last sampling 
station in two springs that supported heavy agriculture. The third spring displayed decreasing 
values and supported less dense agriculture. In contrast, in small springs, changes between the first 
and last sampling station followed the opposite pattern of large springs. Two springs decreased in 
EC and TDS downstream, and one spring which had been dried for almost 40 years displayed 
increased values. In the medium size category, two springs showed no significant changes in (EC/ 
TDS) from spring boil to downstream; the third spring showed a decrease in both values. The 
majority of the cold springs supports large farmlands for irrigation, while a few springs supports 
smaller farms. As an example, Umm Al-Eyal showed an increase in vegetation cover between 
2010 and 2018 due to the increase in the number of farms that depends on the spring as a source 
for irrigation.  
Increasing salinity can alter the physical environment which can impact ecosystem 
processes (Nielsen et.al 2003). The development of irrigation has caused numerous cases of land 
and water salinization (Smedema, and Shiati 2002). This could be the reason for the increase in 
electrical conductivity in some springs as they were used for irrigation. Higher salinity seems to 
favor establishment of exotic species (molluscs and crustacea), while some insect orders 
(Ephemeroptera) decline (Piscart et al. 2005). In this survey zooplankton showed preference for 
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the spring boil where water depth exceeded one meter. Zooplankton were not recorded after the 
second station (downstream) in any spring. This could be due to a number of local resources and 
stress variables occurring along the spring run including water conductivity, pH, temperature and 
nutrient levels as water depth is approximately less than 50cm. In a study of three spring brooks 
in Southeastern Arizona, taxonomic richness of macroinvertebrates was low at the spring boil and 
increased in the middle and lower reaches. A comparison between spring boil and middle and 
lower reaches showed that macroinvertebrate communities were richer at the latter and attributed 
to, unfavorable physico-chemical conditions at the spring sources (Meffe and Marsh 1983).  
Heavy metals analyzed from all springs surveyed here (Cu, Pb, Zn) were mostly below 
detection limits with the exception of Al and Hg.  Mercury exceeded safe standards for drinking 
water in eight springs, while aluminum exceeded standards in two springs. High concentrations of 
mercury and aluminum were recorded in areas where agricultural practices are well developed. 
Concentrations of mercury and aluminum decreased at the end of the stream yet still exceeded the 
safe standards. Likewise, aluminum concentrations in two springs Aldessah and Ajlan increased 
from headwater to downstream. 
Mercury concentrations in four springs (Aldessah, AlSafsaf, Jabriah and AlYaseerah) 
increased from boil to downstream (low to high). In this low to high group there was a 
corresponding increase in EC, TDS and temperature in three out four springs. Mercury 
concentration in three springs (Ajlan, Taited and Umm Al-Eyal) decreased from boil to 
downstream (high to low). In this high low category, EC, TDS and temperature also decreased. 
The source of mercury can be from geothermal features such as; volcanoes, geysers, hot springs, 
and fumaroles (Nraigu, 1989; Christenson and Mroczek, 2003). Concentrations of heavy metals 
such as zinc and copper in springs of Saudi Arabia exceeded the safe drinking water standards of 
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the World Health Organization (Aljohani 2014). Moreover, another investigation of heavy metals 
was conducted on the Al-Khadoud Spring, Saudi Arabia, where accumulation of heavy metals in 
fish species was recorded, razing awareness that Oreochromis niloticus is not safe for human 
consumption (Al-Kahtani 2009).  
The Equilibrium Theory of Island Biogeography (ETIP) proposed by MacArthur and 
Wilson (1963, 1967) explains patterns species richness. In this concept, an island can be any 
ecosystem that is drastically different from its surrounding ecosystems (i.e. oasis in desert or 
ponds). In 30 springs in the Apennine mountains (Italy), Fattorini et al. (2016) surveyed copepods 
and found that species richness was positively influenced by spring area and negatively by 
elevation. These findings support the predictions of equilibrium theory of island biogeography 
(ETIB) about species richness.  Nevertheless, more and more ecologists have recently begun to 
question whether this theory remains a viable model for contemporary ecology (Lomolino 2000). 
Various studies have challenged the basic assumptions of island biogeography theory. The theory 
is not reinforced by more empirical studies that show that species diversity is not in equilibrium in 
many islands and that factors other than area and location that influence species diversity. (Brown 
and Lomolino 2000). 
The current study showed that zooplankton were found equally in small, medium and large 
cold springs and in one hot springs. Zooplankton are located at the spring boil because the water 
depth is higher than the rest of the sampling stations. Gastropods were found in small, medium 
and large springs, and they appeared to prefer a specific area along the stream run and species 
number fluctuated between stations as electrical conductivity decreased along the spring run. The 
presence of gastropods is affected by the type of the substratum, as the bottom of the stream is 
characterized by a rocky surface covered with sand and gravel resulting from running water 
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(Hassan et al. 2014). This type of substratum occurs further downstream mainly after the spring 
boil, where water depth is less than 50 cm. One fish species (Garra tibanica) was found in six 
springs: five cold springs- two in small, one in medium, two in large- and one thermal spring in 
the large category. Fish were located at the spring boil where water depth was approximately 1 
meter. Biological data of this research showed that species richness and evenness was not 
influenced by size of the spring, and it may be due to a number of local resources and stress 
variables such as: water conductivity, pH, temperature and nutrient levels as documented by 
Teittinen and Soininen (2015).  
It is well known that species richness decreases with increased salinity (Cole 1968; Halse 
1981). However, Herbst and Bromley (1984), in an investigation of aquatic invertebrates of desert 
streams in Israel concluded that reduction of species was recorded at lower salinity. Possible 
explanations include that certain aquatic organisms are unable to tolerate lower salinity or that 
periods of flooding and drought impact the distribution of aquatic communities.  
Desert fishes often evolve and persist in waters that are stressful. Other areas of the desert, 
particularly springs, are quite stable with very few daily or seasonal variations. The high diversity 
of isolated water habitats has played an important role in the evolution of desert fish (Hillyard et 
al. 2015). Fish were more common at the spring boil where water depth exceeded one meter than 
in the rest of the spring run, where water depth declined (less than 50 cm). The reason for the 
presence of fish at the source/ boil could be due to predator avoidance, as suggested by McKinsey 
and Chapman (1998) during an investigation of the mosquitofish Gambusia holbrooki. A similar 
study on the zonation of desert streams in Wyoming, USA was conducted to examine factors that 
influence fish assemblages. The results showed that species richness was related to stream width 
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and elevation, and there was no relationship between the number of fish at a point in time (standing 
stocks) and habitat features (Carter and Hubert 1995).  
In summary, the vast majority of the springs in this study (11 of 13 springs) share common 
characteristics; the form and shape of these springs are relatively straight, with pools and riffles. 
The spring boil is composed of rocks. Silt and clay are dominant downstream from the spring boil, 
beginning at the second station in the majority of springs. The additional two springs included one 
that was a small isolated pool with no spring run, and another was piped for irrigation.  
This study is unique because longitudinal studies of biological and water quality 
parameters have not been conducted in the springs of Saudi Arabia. Investigating zonation should 
be conducted based on multiple surveys of the spring run. Seasonality must be considered, as the 
wet season has a major impact on desert springs biota. For example, the invertebrate community 
at Sycamore Creek in the Sonoran Desert was investigated during 1989- 1990. Some taxa had the 
ability to overcome flooding and drought by tolerating changes in water quality during this period 
or had the ability to avoid being stranded by moving upstream (Stanley et al. 1994). Zooplankton 
communities have a short life cycle and high sensitivity to pollution (Al-Ghanim 2012). 
Understanding the longitudinal changes along the spring run is important as biota serve as 
biological indicators that can be used to detect the health the ecosystem and its biota.  
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